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Multipurpose river basin development typically
involves the identiﬁcation and use of both
structural and nonstructural measures designed to
increase the reliability and decrease the cost of
municipal, industrial, and agriculture water sup-
plies, to protect against droughts and floods, to
improve quality, to provide for commercial
navigation and recreation, to enhance aquatic
ecosystems, and to produce hydropower, as
appropriate for the particular river basin. Struc-
tural measures may include diversion canals,
reservoirs, hydropower plants, levees, flood
prooﬁng, irrigation delivery and drainage sys-
tems, navigation locks, recreational facilities,
groundwater wells, and water and treatment
treatment plants along with their distribution and
collection systems. Nonstructural measures may
include land-use controls and zoning, flood
warning and evacuation measures, and economic
incentives that affect human behavior with regard
to water and watershed use. Planning the devel-
opment and management of water resource sys-
tems involves identifying just what and when and
where structural or nonstructural measures are
needed, the extent to which they are needed, and
their combined economic, environmental, eco-
logical, and social impacts. This chapter intro-
duces some modeling approaches for doing this.
Having just reviewed some water quality mod-
eling approaches in the previous chapter, this
chapter focuses on quantity management.
11.1 Introduction
Various types of models can be used to assist
those responsible for planning and managing
various components of river systems. These
components include streams, rivers, lakes, reser-
voirs, and wetlands, and diversions to demand
sites that could be within or outside the basin
boundaries. Each of these components can be
impacted by water management policies and
practices. The management of any single com-
ponent can impact the performance of other
components in the basin. Hence, for the overall
management of the water in river basin systems, a
systems view is usually taken. This systems view
requires the modeling of multiple interacting and
interdependent components. These multicompo-
nent models are useful for analyzing alternative
designs and management policies for improving
the performance of integrated river basin systems.
The discussion in this chapter is limited to
water quantity management. Clearly the regimes
of flows, velocities, volumes, and other properties
of water quantity will impact the quality of that
water as well. However, unless water allocations
allocations and uses are based on requirements for
water quality, such as for the dilution of pollution,
water quality does not normally affect water
quantity. For this reason among others, it is
common to separate discussions of water quantity
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management from water quality management
(Chap. 10). However, when attempting to predict
the impacts of any management policy on both
water quantity and quality, both water quantity
and quality models are needed.
This chapter begins with a discussion of
selecting appropriate model time periods that will
depend on the issues being addressed as well as
on the variability of the water supplies and
demands. Discussed next are methods for esti-
mating streamflows at various sites of interest
throughout a basin based on gage (measured)
flows at other sites. Following these discussions
several methods are reviewed and compared for
estimating reservoir storage requirements for
water supplies. Model components are deﬁned
for withdrawals and diversions, and for reservoir
storage. Reservoir storage can serve the needs
over time for water supply, flood control, recre-
ation, and hydroelectric power generation. Next
flood control structures, such as levees and
channel flow capacity improvements at potential
flood damage in a river basin are introduced.
These components are then combined into a
multiple purpose multi-objective planning model
for a hypothetical river basin. The chapter con-
cludes with an introduction to some dynamic
models for assisting in the scheduling and time
sequencing of multiple projects within a river
basin.
11.2 Model Time Periods
When analyzing and evaluating various water
management plans designed to distribute the
natural unregulated flows over time and space, it
is usually sufﬁcient to consider average condi-
tions within discrete time periods. In optimization
models, weekly, monthly, or seasonal flows are
commonly used as opposed to daily flows. The
shortest time period duration usually considered
in optimization models developed for identifying
and evaluating alternative water management
plans and operating policies is one that is no less
than the time water takes to flow from the upper
end of the applicable river basin to the lower end
of the basin. In this case stream and river flows
can be deﬁned by simple mass balance or conti-
nuity equations. For shorter duration time periods
flow routing may be required.
The actual length or duration of each
within-year period deﬁned in a model may vary
from period to period. Modeled time period time
periods need not be equal. Generally what is
important is to capture in the model the needed
capacities of infrastructure that are determined in
large measure by the variation in supplies and
demands. These variations should be captured in
the model by appropriately selecting the number
and duration of time periods. If say over a
three-month period there is little variation in both
water supplies and demands or for the purposes
water serves, such as flood control, hydropower,
or recreation, there is no need to divide that
three-month period into multiple time periods.
Another important factor to consider in mak-
ing a decision regarding the number and duration
of time periods to include in any model is the
purpose for which the model is to be used. Some
analyses are concerned only with identifying
designs designs and operating policies of various
engineering projects for managing water resour-
ces at some ﬁxed time (say a typical year) in the
future. Multiple years of hydrological records are
used, usually in simulation models, to obtain an
estimate of just how well a system might per-
form, at least in a statistical sense, in that future
time period. The within-year period durations
can have an impact on those performance indi-
cator values as well as on the estimate of
over-year as well as within-year storage that may
be needed to meet various goals. These static
analyses are not concerned with investment
project scheduling or sequencing.
Dynamic planning models are used to esti-
mate the impacts of changing conditions over
time. These changes could include hydrological
inputs, economic, environmental and other
objectives, water demands, and design and
operating parameters. As a result, dynamic
models generally span many more years than do
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static models, but they may have fewer
within-year periods.
11.3 Streamflow Estimation
Water resource managers need estimates of
streamflows at each site, where management
decisions are being considered. These streamflow
estimates can be based on the results of
rainfall-runoff models or on measured historical
flows at gage sites. For modeling alternative
management policies, these gage-based flows at
the sites of interest should be those that would
have occurred under natural conditions. These are
called naturalized flows that have been derived
from measured flows or rainfall–runoff models
and then adjusted to take into account any
upstream regulation and diversions. Many gage
flow values reflect actions such as diversions and
reservoir releases that occurred upstream that
altered the downstream flows, unless such
upstream water management and use policies are
to continue, these measured gage flows should be
converted to unregulated or natural flows prior to
their use in management models.
Assuming that unregulated streamflow data
are available at gage sites, these data can be used
to estimate the unregulated flows at sites where
they are needed. These sites would include any
place where diversions might occur or where
reservoirs for regulating flows might be built.
Consider, for example, the simple river basin
illustrated in Fig. 11.1. Assume streamflows
have been recorded over a number of years at
gage sites 1 and 9. Knowledge of the flows Qst in
each period t at gage sites 1 and 9 permits the
estimation of flows at any other site in the basin
as well as the incremental flows between those
sites in each period t.
The method used to estimate flows at ungaged
sites will depend on the characteristics of the
watershed or river basin. In humid regions where
streamflows increase in the downstream direction
due to rainfall runoff, and the spatial distribution
of average monthly or seasonal rainfall is more or
less the same from one part of the river basin to
another, the runoff per unit land area is typically
assumed constant. In these situations, estimated
flows, qst , at any site s can be based on the
watershed areas, As, contributing flow to those
sites, and the corresponding streamflows and
watershed areas above the nearest or most rep-
resentative gage sites.
For each gage site, the runoff per unit land area
can be calculated by dividing the gage flow Qst by
the upstream drainage area, As. This can be done
for each gage site in the basin. Thus for any gage
site g, the runoff per unit drainage area in month
or season t is Qgt divided by A
g. This runoff per
unit land area times the drainage area upstream of
any site s of interest will be the estimated
streamflow in that period at that site s. If there are
multiple gage sites, such as illustrated in
Fig. 11.1, the estimated streamflow at some
ungaged site s can be a weighted combination of
those unit area runoffs times the area contributing
to the flow at site s. The nonnegative weights, wg,
that sum to 1, reflect the relative signiﬁcance of
each gage site with respect to site s. Their values
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will be based on the judgments of those who are










In all the models developed and discussed
below, the variable Qst will refer to the mean
natural (unregulated) flow (L3/T) at a site s in a
period t.
The difference between the natural stream-
flows at any two sites is called the incremental
flow. Using Eq. 11.1 to estimate streamflows will
result in positive incremental flows. The down-
stream flow will be greater than the upstream
flow. In arid regions runoff is not constant over
the region. Incremental flows may not exist and
hence due to losses, the flows may be decreasing
in the downstream direction. In these cases there
is a net loss in flow in the downstream direction.
This might be the case when a stream originates
in a wet area and flows into a region that receives
less rainfall. In such arid areas the runoff is often
less than the evapotranspiration and inﬁltration
into the ground along the stream channel.
For stream channels where there exist rela-
tively uniform conditions affecting loss loss,
where there are no known sites where the stream
abruptly enters or exits the ground, as can occur
in karst conditions, the average streamflow for a
particular period t at site s can be based on the
nearest or most representative gage flow, Qgt , and
a loss rate per unit length of the stream or river,
Lgs between gage site g and an ungaged site s. If
there are at least two gage sites along the portion
of the stream or river that is in the dry region, one
can compute the loss of flow per unit stream
length, and apply this loss rate to various sites
along the stream or river. This loss rate per unit
length may not be constant over the entire length
between the gage stations, or even for all flow
rates, however. Losses will likely increase with
increasing flows simply because more water
surface is exposed to evaporation and seepage. In
these cases one can deﬁne a loss rate per unit
length of stream or river as a function of the
magnitude of flow.
In watersheds characterized by signiﬁcant
elevation changes and consequently varying
rainfall and runoff runoff, other methods may be
required for estimating average streamflows at
ungaged sites. The selection of the most appro-
priate method to use, as well as the most
appropriate gage sites to use for estimating the
streamflow, Qst , at a particular site s can be a
matter of judgment. The best gage site need not
necessarily be the nearest gage to site s, but
rather the site most similar with respect to
important hydrologic variables.
The natural incremental flow between any two
sites is simply the difference between their
respective natural flows.
11.4 Streamflow Routing
If the duration of a within-year period is less than
the time of flow throughout the stream or river
system being modeled, and the flows vary within
the system, some type of streamflow routing
must be used to keep track of where the varying
amounts of water are in each time period. There
are many proposed routing methods (as descri-
bed in any hydrology text or handbook, e.g.,
Maidment 1993). Many of these more traditional
methods can be approximated with sufﬁcient
accuracy using relatively simple methods. Two
such methods are described in the following
paragraphs.
The outflow, Ot, from a reach of stream or
river during a time period t is a function of the
amount of water in that reach, i.e., its initial
storage, St, and its inflow, It. Because of bank
storage, that outflow is often dependent on whe-
ther the quantity of water in the reach is increas-
ing or decreasing. If bank inflows and outflows
are explicitly modeled, or if bank storage is
not that signiﬁcant, the outflow from a reach
in any period t can be expressed as a simple
two-parameter power function of the form
a(St + It)
b. Mass balance equations, that may take
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into account losses, update the initial storage
volumes in each succeeding time period. The
reach–dependent parameters a and b can be
determined through calibration procedures such
as genetic algorithms (Chap. 5) using a time series
of reach inflows and outflows. The resulting
outflow function is typically concave (the
parameter b will be less than 1), and thus the
minimum value of St + Itmust be at least 1. If due
to evaporation or other losses the reach volume
drops below this or any preselected higher
amount, the outflow can be assumed to be 0.
Alternatively one can adopt a three- or
four-parameter routing approach that ﬁts a wider
range of conditions. Each stream or river reach
can be divided into a number of segments. That
number n is one of the parameters to be deter-
mined. Each segment s can be modeled as a
storage unit, having an initial storage volume, Sst,
and an inflow, Ist. The three-parameter approach
assumes the outflow, Ost, is a linear function of
the initial storage volume and inflow:
Ost ¼ a Sst þ bIst ð11:2Þ
Equation 11.2 applies for all time periods
t and for all reach segments s in a particular
reach. Different reaches will likely have different
values of the parameters n, α, and β. The cali-
brated values of α and β are nonnegative and no
greater than 1. Again a mass balance equation
updates each segment’s initial storage volume in
the following time period. The outflow from each
reach segment is the inflow into the succeeding
reach segment.
The four-parameter approach assumes that the
outflow, Ost, is a nonlinear function of the initial
storage volume and inflow
Ost ¼ ða Sst þ bIstÞc ð11:3Þ
The parameter γ is greater than 0 and no
greater than 1. In practice γ is very close to 1.
Again the values of these parameters, including
the number of reaches n, can be found using
nonlinear optimization methods, such as genetic
algorithms, together with a time series of
observed reach inflows and outflows.
Note the flexibility available when using the
three- or four-parameter routing approach. Even
blocks of flow can be routed a speciﬁed distance
downstream over a speciﬁed time, regardless of
the actual flow. This can be done by setting α and
γ to 1, β to 0, and the number of segments n to
the number of time periods it takes to travel that
distance. This may not be very realistic, but there
exist some river basin reaches where managers
believe this particular routing applies.
11.5 Lakes and Reservoirs
Lakes and reservoirs are sites in a basin where
surface water storage needs to be modeled. Thus,
variables deﬁning the water volumes at those
sites must be deﬁned. Let Sst be the initial storage
volume of a lake or reservoir at site s in period
t. Omitting the site index s for the moment, the
ﬁnal storage volume in period t, St+1, (which is
the same as the initial storage in the following
period t + 1) will equal the initial volume, St,
plus the net surface and groundwater inflows, Qt,
less the release or discharge, Rt, and evaporation
and seepage losses, Lt. All models of lakes and
reservoirs include this mass balance equation for
each period t being modeled.
StþQtRtLt ¼ Stþ 1 ð11:4Þ
The release from a natural lake is a function of
its surrounding topography and its water surface
elevation. It is determined by nature, and unless
it is made into a reservoir its discharge or release
is not controlled or managed. The release from a
reservoir is controllable, and, as discussed in
Chaps. 4 and 8, is usually a function of the
reservoir storage volume and time of year.
Reservoirs also have ﬁxed storage capacities,
K. In each period t, reservoir storage volumes, St,
cannot exceed their storage capacities, K.
StK for each period t: ð11:5Þ
Equations 11.4 and 11.5 are the two funda-
mental equations required when modeling water
supply reservoirs. They apply for each period t.
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The primary purpose of all reservoirs is to
provide a means of regulating downstream sur-
face water flows over time and space. Other
purposes may include storage volume manage-
ment for recreation and flood control, and storage
and release management for hydropower pro-
duction. Reservoirs are built to alter the natural
spatial and temporal distribution of the stream-
flows. The capacity of a reservoir together with
its release (or operating) policy determine the
extent to which surface water flows can be stored
for later release.
The use of reservoirs for temporarily storing
streamflows often results in a net loss of total
streamflow due to increased evaporation and
seepage. Reservoirs also bring with them chan-
ges in the ecology of a watershed and river
system. They may also displace humans and
human settlements. When considering new
reservoirs, any beneﬁts derived from regulation
of water supplies, from flood damage reduction,
from hydroelectric power, and from any navi-
gational and recreational activities should be
compared to any ecological and social losses and
costs. The beneﬁts of reservoirs can be substan-
tial, but so may the costs. Such comparisons of
beneﬁts and costs are always challenging
because of the difﬁculty of expressing all such
beneﬁts and costs in a common metric (Chap. 9).
Reservoir storage capacity can be divided
among the three major uses: (1) the active stor-
age used for downstream flow regulation and for
water supply, recreational development or
hydropower production; (2) the the dead storage
used for sediment collection; and (3) the flood
storage capacity reserved to reduce potential
downstream flood damage during flood events.
These separate storage capacities are illustrated
in Fig. 11.2. The distribution of active and flood
control storage capacities may change over the
year. For example there is no need for flood
control storage in seasons that are not likely to
experience floods.
The next several sections of this chapter
address how these capacities may be determined.
11.5.1 Estimating Active Storage
Capacity
11.5.1.1 Mass diagram Analyses
Perhaps one of the earliest methods used to cal-
culate the active storage capacity required to
meet a speciﬁed reservoir release, Rt, in a
sequence of periods t, was developed by Rippl
(1883). His mass diagram analysis is still used
today by many planners. It involves ﬁnding the
maximum positive cumulative difference
between a sequence of prespeciﬁed (desired)
reservoir releases Rt and known inflows Qt. One
can visualize this as starting with a full reservoir,
and going through a sequence of simulations in
which the inflows and releases are added and
subtracted from that initial storage volume value.
Fig. 11.2 Total reservoir
storage volume capacity
consisting of the sum of
dead storage, active
storage, and flood control
storage capacities
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Doing this over two cycles of the record of
inflows will identify the maximum deﬁcit vol-
ume associated with that release. This is the
required reservoir storage. Having this initial
storage volume, the reservoir would always have
enough water to meet the desired releases.
However, this only works if the sum of all the
desired releases does not exceed the sum of all
the inflows over the same sequence of time
periods. Reservoirs cannot make water.
Equation 11.6 represents this process. The
active storage capacity, Ka, will equal the maxi-
mum accumulated storage deﬁcit one can ﬁnd








where 1 ≤ i ≤ j ≤ 2T.
Equation 11.6 is the analytical equivalent of
graphical procedures proposed by Rippl for
ﬁnding the active storage requirements. Two of
these graphical procedures are illustrated in
Figs. 11.3 and 11.4 for a 9-period inflow record
of 1, 3, 3, 5, 8, 6, 7, 2, and 1. Rippl’s original
Fig. 11.3 The Rippl or




Rt are assumed constant for
each period t
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approach, shown in Fig. 11.3, involves plotting
the cumulative inflow
Pt
t¼1 Qs versus time
t. Assuming a constant reservoir release, R, in
each period t, a line with slope R is placed so that
it is tangent to the cumulative inflow curve. To
the right of these points of tangency the release
R exceeds the inflow Qt. The maximum vertical
distance between the cumulative inflow curve
and the release line of slope R equals the maxi-
mum water deﬁcit, and hence the required active
storage capacity. Clearly, if the average release
R is greater than the mean inflow, a reservoir will
not be able to meet the demand no matter what its
active storage capacity.
An alternative way to identify the required
reservoir storage capacity is to plot the cumula-
tive nonnegative deviations,
Pt
s ðRs  QsÞ, and
note the biggest total deviation, as shown in
Fig. 11.4.
These graphical approaches do not account
for losses. Furthermore, the method shown in
Fig. 11.3 is awkward if the desired releases in
each period t are not the same. The equivalent
method shown in Fig. 11.4 is called the sequent
peak method. If the sum of the desired releases
does not exceed the sum of the inflows, calcu-
lations over at most two successive hydrologic
records of flows are needed to identify the largest
cumulative deﬁcit inflow. After that the proce-
dure will produce repetitive results. It is much
easier to consider changing release values when
determining the maximum deﬁcit by the sequent
peak method.
11.5.1.2 Sequent peak analyses
The sequent peak procedure is illustrated in
Table 11.1. Let Kt be the maximum total storage
requirement needed for periods 1 up through
period t. As before, let Rt be the required release
in period t, and Qt be the inflow in that period.
Setting K0 equal to 0, the procedure involves
calculating Kt using Eq. 11.7 consecutively for
up to twice the total length of record. This
assumes that the record repeats itself to take care
of the case when the critical sequence of flows
occurs at the end of the streamflow record, as
indeed it does in the example 9-period record of
1, 3, 3, 5, 8, 6, 7, 2, and 1.
Kt ¼ RtQtþKt1 if positive;
¼ 0 otherwise ð11:7Þ
The maximum of all Kt is the required storage
capacity for the speciﬁed releases Rt and inflows,
Qt. Table 11.1 illustrates this sequent peak pro-
cedure for computing the active capacity Ka, i.e.,
the maximum of all Kt, required to achieve a
release Rt = 3.5 in each period given the series of
9 streamflows. Note this method does not require
all releases to be the same.
11.5.2 Reservoir Storage-Yield
Functions
Reservoir storage-yield functions deﬁne the
minimum active active storage capacity required
to insure a given constant release rate for a
speciﬁed sequence of reservoir inflows. Mass
diagrams, sequent peak analyses, and linear
optimization (Chap. 4) are three methods that can
be used to deﬁne these functions. Given the same
sequence of known inflows and speciﬁed relea-
ses, each method will provide identical results.
Using optimization models, it is possible to
obtain such functions from multiple reservoirs
and to account for losses based on storage vol-
ume surface areas, as will be discussed later.
There are two ways of deﬁning a linear opti-
mization (linear programming) model to estimate
the active storage capacity requirements. One
approach is to minimize the active storage
capacity, Ka, subject to minimum required con-
stant releases, Y, the yield. This minimum active
storage capacity is the maximum storage volume,
St, required given the sequence of known inflows
Qt, and the speciﬁed yield, Y, in each period
t. The problem is to ﬁnd the storage volumes, St,
and releases, Rt that
Minimize Ka ð11:8Þ
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subject to
mass balance constraints
St þQtRt ¼ Stþ 1 t ¼ 1; 2; . . .; T;
T þ 1 ¼ 1 ð11:9Þ
capacity constraints
StKa t ¼ 1:2; . . .; T ð11:10Þ
minimum release constraints
Rt Y t ¼ 1:2; . . .; T ð11:11Þ
for various values of the yield, Y.
Alternatively one can maximize the constant
release yield, Y, for various values of active
storage capacity, Ka, subject to the same con-
straint Eqs. 11.9–11.11.
Maximize Y ð11:12Þ
Constraints 11.9 and 11.11 can be combined
to reduce the model size by T constraints.
StþQtY  Stþ 1 t ¼ 1; 2; . . .; T ;
T þ 1 ¼ 1 ð11:13Þ
The solutions of these two linear programming
models, using the 9-period flow sequence referred
Table 11.1 Illustration of the sequent peak procedure for computing active storage requirements
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to above and solved for various values of yield or
capacity, respectively, are plotted in Fig. 11.5.
The results are the same as could be found using
the mass diagram or sequent peak methods.
There is a probability that the storage-yield
function just deﬁned will fail. A record of only 9
flows, for example, is not very long and hence
will not give one much conﬁdence that they will
deﬁne the critical low-flow period of the future.
One rough way to estimate the reliability of a
storage-yield function is to rearrange and rank
the inflows in order of their magnitudes. If there
are n ranked inflows there will be n + 1 intervals
separating them. Assuming there is an equal
probability that any future flow could occur in
any interval between these ranked flows, there is
a probability of 1/(n + 1) that a future flow will
be less than the lowest recorded flow. If that
record low flow occurs during a critical low-flow
period, more storage may be required than indi-
cated in the function.
Hence for a record of only 9 flows that are
considered representative of the future, one can
be only about 90% conﬁdent that the resulting
storage-yield function will apply in the future.
One can be only 90% sure of the predicted yield
Y associated with any storage volume K. A much
more conﬁdent estimate of the reliability of any
derived sstorage-yield function can be obtained
by synthetic flows to supplement any measured
streamflow record, taking parameter uncertainty
into account (as discussed in Chaps. 6 and 8).
This will provide alternative sequences as well as
more intervals between ranked flows.
While the mass diagram and sequent peak
procedures are relatively simple, they are not
readily adaptable to reservoirs where evaporation
losses and/or lake level regulation are important
considerations, or to problems involving more
than one reservoir. Mathematical programming
(optimization) methods provide this capability.
These optimization methods are based on mass
balance equations for routing flows through each
reservoir. The mass balance or continuity equa-
tions explicitly deﬁne storage volumes (and
hence storage areas from which evaporation
occurs) at the beginning of each period t.
11.5.3 Evaporation Losses
Evaporation losses, Lt, from lakes and reservoirs,
if any, take place on their surface areas. Hence to
compute these losses their surface areas must be
estimated in each period t. Storage surface areas
are functions of the storage volumes, St. These
functions are typically concave, as shown in
Fig. 11.6.
In addition to the storage area-volume func-
tion, seasonal surface water evaporation loss
depths, Et
max, must be assumed, perhaps based on
measured evaporation losses over time.
Fig. 11.5 Storage-yield
for the sequence of flows 1,
3, 3, 5, 8, 6, 7, 2, and 1
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Multiplying the average surface area, At, based
on the initial and ﬁnal storage volumes, St and St
+1, by the loss depth, Et
max, yields the volume of
evaporation loss, Lt, in the period t. The linear
approximation of that loss is
Lt ¼ aoþ a St þ Stþ 1ð Þ=2½ Emaxt ð11:14Þ
Letting
at ¼ 0:5 a Emaxt ð11:15Þ
the mass balance equation for storage volumes
that include evaporation losses in each period
t can be approximated as
1 atð ÞSt þQtRtaoEmaxt ¼ 1þ atð ÞStþ 1
ð11:16Þ
If Eq. 11.16 are used in optimization models
for identifying preliminary designsof a proposed
reservoir and if the active storage storage capacity
turns out to be essentially zero, or just that required
to provide for the ﬁxed evaporation loss, ao Et
max,
then clearly any reservoir at the site is not justiﬁed.
These mass balance equations together with any
reservoir storage capacity constraints should be
removed from the model before resolving it again.
This procedure is simpler than introducing 0,1
integer variables that will remove the terms ao
Et
max in Eq. 11.16 if the active storage volume is 0
(using methods discussed in Chap. 4).
An alternative way to estimate evaporation
loss that does not require a surface area—storage
volume relationship, such as shown in Fig. 11.6,
is to deﬁne the storage elevation-storage volume
function. Subtracting the evaporation loss depth
from the initial surface elevation associated with
the initial storage volume will result in an
adjusted storage elevation which in turn deﬁnes
the initial storage volume after evaporation losses
have been deducted. This adjusted initial volume
can be used in continuity Eqs. 11.9 or 11.13.
This procedure assumes that evaporation is only
a function of the initial storage volume in each
time period t. For relatively large volumes and
short time periods such an assumption is usually
satisfactory.
11.5.4 Over- and Within-Year
Reservoir Storage
and Yields
An alternative approach to modeling reservoirs is
to separate out over-year storage and within-year
storage, and to focus not on total reservoir
releases, but on parts of the total releases that can
be assigned speciﬁc reliabilities. These release
components we call yields. To deﬁne these yields
and the corresponding reservoir rules, we divide
this section into four parts. The ﬁrst outlines a
method for estimating the reliabilities of various
constant annual minimum flows or yields. The
Fig. 11.6 Storage surface
area as a function of
reservoir storage volume
along with its linear
approximation. The slope
parameter a is the assumed
increase in surface area
associated with a unit
increase in the storage
volume
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second discusses a modeling approach for esti-
mating over-year and within-year active storage
requirements to deliver a speciﬁed annual and
within-year period yields having a speciﬁed re-
liability. The third and fourth parts expand this
modeling approach to include multiple yields
having different reliabilities, evaporation losses,
and the construction of reservoir operation rule
curves using these flow release yields.
It will be convenient to illustrate the yield
models and their solutions using a simple
example consisting of a single reservoir and two
within-year periods per year. This example will
be sufﬁcient to illustrate the method that can be
applied to models having more within-year
periods. Table 11.2 lists the nine years of
available streamflow data for each within-year
season at a potential reservoir site. These
streamflows are used to solve and compare the
solutions of various yield models as well as to
illustrate the concept of yield reliability.
11.5.4.1 Reliability of Annual yields
The maximum flow that can be made available at
a speciﬁc site by the regulation of the historic
streamflows from a reservoir of a given size is
often referred to as the “ﬁrm yield” or “safe
yield.” These terms imply that the ﬁrm or safe
yield is that yield which the reservoir will always
be able to provide. Of course, this may not be
true. If historical flows are used to determine this
yield, then the resulting yield may be better
Table 11.2 Recorded unregulated historical streamflows at a reservoir site
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called an ‘‘historical yield.’’ Historical and ﬁrm
yield are often used synonymously.
A minimum flow yield is 100% reliable only
if the sequence of flows in future years will never
sum to a smaller amount than those that have
occurred in the historic record. Usually one
cannot guarantee this condition. Hence associ-
ated with any historic yield is the uncertainty,
i.e., a probability, that it might not always be
available in the future. There are some ways of
estimating this probability.
Referring to the nine-year streamflow record
listed in Table 11.2, if no reservoir is built to
increase the yields downstream of the reservoir
site, the historic ﬁrm yield is the lowest flow on
record, namely 1.0 that occurred in year 5. The
reliability of this annual yield is the probability
that the streamflow in any year is greater than or
equal to this value. In other words, it is the
probability that this flow will be equaled or
exceeded. The expected value of the exceedance
probability of the lowest flow in an n-year record
is approximately n/(n + 1), which for the
n = 9 year flow record is 9/(9 + 1), or 0.90. This
is based on the assumption that any future flow
has an equal probability of being in any of the
intervals formed by ordering the record of 9
flows from the lowest to the highest value, and
that the lowest value has a rank of 9.
Ranking the n flows of record from the highest
to the lowest and assigning the rank m of 1 to the
highest flow, and n to the lowest flow, the
expected probability p that any flow of rankm will
be equaled or exceeded in any year is approxi-
mately m/(n + 1). An annual yield having a
probability p of exceedance will be denoted as Yp.
For independent events, the expected number
of years until a flow of rank m is equaled or
exceeded is the reciprocal of its probability of
exceedance p, namely 1/p = (n + 1)/m. The re-
currence time or expected time until a failure (a
flow less than that of rank m) is the reciprocal of
the probability of failure in any year. Thus, the
expected recurrence time Tp associated with a
flow having an expected probability p of excee-
dance is 1/(1 − p).




A reservoir with active over-year storage capac-
ity provides a means of increasing the magnitude
and/or the reliabilities of various annual yields.
For example, the sequent peak algorithm deﬁned
by Eq. 11.7 provides a means of estimating the
reservoir storage volume capacity required to
meet various “ﬁrm” yields Y0.9, associated with
the nine annual flows presented in Table 11.1.
The same yields can be obtained from a linear
optimization model that minimizes active
over-year storage capacity, Ka
o,
Minimize Koa ð11:17Þ
This active over-year storage capacity must
satisfy the following storage continuity and
capacity constraint equations involving only
annual storage volumes, Sy, inflows, Qy, yields,
Yp, and excess releases, Ry. For each year y:
SyþQy  Yp  Ry ¼ Syþ 1 ð11:18Þ
SyKoa ð11:19Þ
Once again, if the year index y = n, the last
year of record, then year y + 1 is assumed to
equal 1. For annual yieldsof 3 and 4, the
over-year storage requirements are 3 and 8,
respectively, as can be determined just by
examining the right-hand column of annual flows
in Table 11.2.
The over-year model, Eqs. 11.17–11.19,
identiﬁes only annual or over-year storage
requirements based on speciﬁed (known) annual
flows, Qy, and speciﬁed constant annual yields,
Yp. Within-year periods t requiring constant
yields ypt that sum to the annual yield Yp may
also be considered in the estimation of the
required over-year and within-year or total active
storage capacity, Ka. Any distribution of the
over-year yield within the year that differs from
the distribution of the within-year inflows may
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require additional active reservoir storage
capacity. This additional capacity is called the
within-year storage capacity.
The sequent peak method, Eq. 11.7, can be
used to obtain the total over-year and within-year
active storage capacity requirements for speciﬁed
within-year period yields, ypt. Alternatively a
linear programming model can be developed to
obtain the same information along with associ-
ated reservoir storage volumes. The objective is
to ﬁnd the minimum total active storage capacity,
Ka, subject to storage volume continuity and
capacity constraints for every within-year period
of every year. This model is deﬁned as
minimize Ka ð11:20Þ
subject to
StyþQty  ypt  Rty ¼ Stþ 1;y 8t; y ð11:21Þ
StyKa 8t; y ð11:22Þ
In Eq. 11.21, if t is the ﬁnal period T in year y,
the next period T + 1 = 1 in year y + 1, or year 1
if y is the last year of record, n.
The within-year storage requirement, Ka
w, is
the difference in the active capacities resulting
from these two models, Eqs. 11.17–11.19, and
Eqs. 11.20–11.22.
Table 11.3 shows some results from solving
both of the above models. The over-year storage
capacity requirements, Ka
o, are obtained from
Eqs. 11.17–11.19. The combined over-year and
within-year capacities, Ka, are obtained from
solving Eqs. 11.20–11.22. The difference between
the over-year storage capacity, Ka
o, required to
meet only the annual yields and the total capacity,
Ka, required to meet each speciﬁed within-year
yield distribution of those annual yields is the
within-year active storage capacity Ka
w.
Clearly, the number of continuity and reser-
voir capacity constraints in the combined
over-year and within-year model (Eqs. 11.20–
11.22) can become very large when the number
of years n and within-year periods T are large.
Each reservoir site in the river system will
require 2nT continuity and capacity constraints.
Not all these constraints are necessary, however.
It is only a subset of the sequence of flows within
the total record of flows that generally determines
the required active storage capacity Ka of a
reservoir. This is called the critical period. This
critical period is often used in engineering studies
to estimate the historical yield of any particular
reservoir or system of reservoirs.
Even though the severity of future droughts is
unknown, many planners accept the traditional
practice of using the historical critical drought
period for reservoir design and operation studies
on the assumption that having observed such an
event in the past, it is certainly possible to
experience similar conditions in the future. In
some parts of the world, notably those countries
in the lower portions of the southern hemisphere,
historical records are continually proven to be
unreliable indicators of future hydrological con-
ditions. In these regions especially, synthetically
generated flows based on statistical methods
(Chap. 6) are more acceptable as a basis for yield
estimation.
Over and within-year storage Capacity
To begin the development of a smaller, but more
approximate, model, consider each combined
over-year and within-year storage reservoir to
consist of two separate reservoirs in series
(Fig. 11.7). The upper reservoir is the over-year
storage reservoir, whose capacity required for an
annual yield is determined by an over-year
model, e.g., Eqs. 11.17–11.19. The purpose of
the ‘‘downstream’’ within-year reservoir is to
distribute as desired in each within-year period
t a portion of the annual yield produced by the
‘‘upstream’’ over-year reservoir. Within-year
storage capacity would not be needed if the
distribution of the average inflows into the upper
over-year reservoir exactly coincided with the
desired distribution of within-year yields.
Otherwise within-year storage may be required.
The two separate reservoir capacities summed
together will be an approximation of the total
active reservoir storage requirement needed to
provide those desired within-year period yields.
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Assume the annual yield produced and
released by the over-year reservoir is distributed
in each of the within-year periods in the same
ratio as the average within-year inflows divided
by the total average annual inflow. Let the ratio
of the average period t inflow divided by the total
annual inflow be βt. The general within-year
model is to ﬁnd the minimum within-year storage
capacity, Ka
w, subject to within-year storage vol-
ume continuity and capacity constraints.
Minimize Kwa ð11:23Þ
subject to
st þ btYp  ypt ¼ stþ 1 8t T þ 1 ¼ 1
ð11:24Þ
Table 11.3 Active Storagerequirements for various within-year yields
Fig. 11.7 Approximating a combined over-year and
within-year reservoir as two separate reservoirs, one for
creating annual yields, the other for distributing them as
desired in the within-year periods
11.5 Lakes and Reservoirs 483
st Kwa 8t ð11:25Þ
Since the sum of βt over all within-year peri-
ods t is 1, the model guarantees that the sum of
the unknown within-year yields, ypt, equals the
annual yield, Yp.
The over-year model, Eqs. 11.17–11.19, and
within-year model, Eqs. 11.23–11.25, can be




SyþQy  Yp  Ry ¼ Syþ 1 8y
if y ¼ n; yþ 1 ¼ 1 ð11:27Þ
SyKoa 8y ð11:28Þ
stþ btYp  ypt ¼ stþ 1 8t
if t ¼ T ; T þ 1 ¼ 1 ð11:29Þ
st Kwa 8t ð11:30Þ
X
t
ypt ¼ Yp ð11:31Þ
KaKoa þKwa ð11:32Þ
Constraint 11.31 is not required due to
Eq. 11.29, but is included here to make it clear
that the sum of within-year yields will equal the
over-year yield. Such a constraint will be
required for each yield of reliability p if multiple
yields of different reliabilities are included in the
model. In addition, constraint Eq. 11.30 can be
combined with Eq. 11.32, saving a constraint. If
this is done, the combined model contains
2n + 2T + 1 constraints, compared to the more
accurate model, Eqs. 11.20–11.22, that contains
2nT constraints.
If the fractions βt are based on the ratios of the
average within-year inflow divided by average
annual inflow in the two within-year periods
shown in Table 11.2, 0.25 of the total annual
yield flows into the ﬁctitious within-year reser-
voir in period t = 1, and 0.75 of the total annual
yield flows into the reservoir in period t = 2.
Suppose the two desired within-year yields are to
be 3 and 0 for periods 1 and 2, respectively. The
total annual yield, Y0.9, is 3. Assuming the nat-
ural distribution of this annual yield of 3 in
period 1 is 0.25 Y0.9 = 0.75, and in period 2 it is
0.75 Y0.9 = 2.25, the within-year storage required
to redistribute these yields of 0.75 and 2.25 to
become 3 and 0, respectively, is Ka
w = 2.25.
From Tables 11.2 or 11.3 we can see that an
annual yield of 3 requires an over-year storage
capacity of 3. Thus, the estimated total storage
capacity required to provide yields of 3 and 0 in
periods 1 and 2 is the over-year capacity of 3
plus the within-year capacity of 2.25 equaling
5.25. This compares with 3 plus 2.5 of actual
within-year capacity required for a total of 5.50,
as indicated in Table 11.3.
There are ways to reduce the number of
over-year constraints without changing the
solution of the over-year model. Sequences of
years whose annual inflow values equal or
exceed the desired annual yield can be combined
into one constraint. If the yield is an unknown
variable then the mean annual inflow can be used
as the desired annual yield since it is the upper
limit of the annual yield. For example in
Table 11.2 note that the last three years and the
ﬁrst year have flows equal or greater than 4, the
mean annual inflow. Thus, these four successive
years can be combined into a single continuity
equation
S7þQ7þQ8þQ9þQ1  4Yp  R7 ¼ S2
ð11:33Þ
This saves a total of 3 over-year continuity
constraints and 3 over-year capacity constraints.
Note that the excess release, R7, represents the
excess release in all four periods. Furthermore,
not all reservoir capacity constraint Eq. 11.28 are
needed, since the initial storage volumes in the
years following low flows will probably be less
than the over-year capacity.
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There are many ways to modify and extend
this yield model to include other objectives, ﬁxed
ratios of the unknown annual yield for each
within-year period, and even multiple yields
having different exceedance probabilities p.
The number of over-year periods being mod-
eled compared to the number of years of flow
records determines the highest exceedance
probability or reliability a yield can have; e.g.,
9/10 or 0.9 in the 9-year example used here. If
yields having lower reliabilities are desired, such
as a yield with a reliability of 0.80, then the yield
variable YP can be omitted from Eq. 11.27 in that
critical year that determines the required
over-year capacity for a 0.90 reliable yield.
(Since some outflow might be expected, even if it
is less than the 0.90 reliable yield, the outflow
could be forced to equal the inflow for that year.)
If a 0.70 reliable yield is desired, then the yield
variables in the two most critical years can be
omitted from Eq. 11.27, and so on.
The number of years of yield failure deter-
mines the estimated reliability of each yield. An
annual yield that fails in f years has an estimated
probability (n − f)/(n + 1) of being equaled or
exceeded in any future year. Once the desired
reliability of a yield is known, the problem is to
select the appropriate failure years and to specify
the permissible extent of failure in those f failure
years.
To consider different yield reliabilities p let
the parameter αy
p be a speciﬁed value between 0
and 1 that indicates the extent of a failure in year
y associated with an annual yield having a reli-
ability of p. When αy
p is 1 there is no failure, and
when it is less than 1 there is a failure, but a
proportion of the yield Yp equal to αy
p is released.
Its value is in part dependent on the conse-
quences of failure and on the ability to forecast
when a failure may occur and to adjust the
reservoir operating policy accordingly.
Theover-year storage continuity constraints
for n years can now be written in a form appro-
priate for identifying any single annual yield Yp
having an exceedance probability p.
SyþQy  apyYp  Ry ¼ Syþ 1 8y if
y ¼ n; yþ 1 ¼ 1 ð11:34Þ
When writing Eq. 11.34, the failure year or
years should be selected from among those in
which permitting a failure decreases the required
reservoir capacity Ka. If a failure year is selected
that has an excess release, no reduction in the
required active storage capacity will result, and
the reliability of the yield may be higher than
intended.
The critical year or years that determine the
required active storage volume capacity may be
dependent on the yield itself. Consider, for
example, the 7-year sequence of annual flows (4,
3, 3, 2, 8, 1, 7) whose mean is 4. If a yield of 2 is
desired in each of the 7 years, the critical year
requiring reservoir capacity is year 6. If a yield of
4 is desired (again assuming no losses), the
critical years are years 2–4. The streamflows and
yields in these critical years determine the
required over-year storage capacity. The failure
years, if any, must be selected from within the
critical low-flow periods for the desired yield.
When the magnitudes of the yields are
unknown, some trial and error solutions may be
necessary to ensure that any failure years are
within the critical period of years for the associ-
ated yields. To ensure a wider range of applicable
yield magnitudes, the year having the lowest flow
within the critical period should be selected as the
failure year if only one failure year is selected.
Even though the actual failure year may follow
that low-flow year, the resulting required reser-
voir storage volume capacity will be the same.
Multiple Yields and Evaporation Losses
The yield models developed so far deﬁne only
single annual and within-year yields. Incremental
secondary yields having lower reliabilities can
also be included in the model. Referring to the
9-year streamflow record in Table 11.3, assume
that two yields are desired, one 90% reliable and
the other 70% reliable. Let Y0.9 and Y0.7 represent
those annual yields having reliabilities of 0.9 and
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0.7, respectively. The incremental secondary
yield Y0.7 represents the amount in addition to
Y0.9 that is only 70% reliable. Assume that the
problem is one of estimating the appropriate
values of Y0.9 and Y0.7, their respective
within-year allocations ypt and the total active
reservoir capacity Ka that maximizes some
function of these yield and capacity variables.
In this case the over-year andwithin-year
continuity constraints can be written
SyþQy  Y0:9  a0:7y Y0:7  Ry ¼ Syþ 1 8y
if y ¼ n; yþ 1 ¼ 1
ð11:35Þ
stþ btðY0:9þ Y0:7Þ  y0:9;t  y0:7;t ¼ stþ 1 8t
if t ¼ T ; T þ 1 ¼ 1
ð11:36Þ
Now an additional constraint is needed to
insure that each within-year yield of a reliability
p adds up to the annual yield of the same relia-
bility. Selecting the 90% reliable yield,
X
t
y0:9;t ¼ Y0:9 ð11:37Þ
Evaporation losses must be based on an
expected storage volume in each period and year
since the actual storage volumes are not identi-
ﬁed using these yield models. The approximate
storage volume in any period t in year y can
be deﬁned as the initial over-year volume Sy,
plus the estimated average within-year volume
(st + st+1)/2. Substituting this storage volume
into Eq. 11.14 (see also Fig. 11.6) results in an
estimated evaporation loss Lyt.




Summing Lyt over all within-year periods t








This annual evaporation loss applies, of
course, only when there is a nonzero active
storage capacity requirement. These annual
evaporation losses can be included in the
over-year continuity constraints, such as
Eq. 11.35. If they are, the assumption is being
made that their within-year distribution will be
deﬁned by the fractions βt. This may not be
realistic. If it is not, an alternative would be to
include the average within-year period losses, Lt,
in the within-year constraints.
The average within-year period loss, Lt, can
be deﬁned as the sum of each loss Lyt deﬁned by
Eq. 11.38 over all years y divided by the total








This average within-year period loss, Lt, can
be added to the within-year’s highest reliability
yield, ypt, forcing greater total annual yields of all
reliabilities to meet corresponding total
within-year yield values. Hence, combining








½aoþ aðSyþðstþ 1Þ=2ÞEmaxt =n
( )
ð11:41Þ
Since actual reservoir storage volumes in each
period t of each year y are not identiﬁed in this
model, system performance measures that are
functions of those storage volumes, such as
hydroelectric energy or reservoir recreation, are
only approximate. Thus, as with any of these
screening models, any set of solutions should be
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evaluated and further improved using more pre-
cise simulation methods.
Simulation methods require reservoir operat-
ing rules. The information provided by the
solution of the yield model can aid in deﬁning a
reservoir operating policy for such simulation
studies.
Reservoir Operation Rules
Reservoir operation rules are guides for those
responsible for reservoir operation. They apply to
reservoirs being operated in a steady-state con-
dition (i.e., not ﬁlling up immediately after con-
struction or being operated to meet a set of new
and temporary objectives). There are several
types of rules but each indicates the desired or
required reservoir release or storage volumes at
any particular time of year. Some rules identify
storage volume targets (rule curves) that the
operator is to maintain, if possible, and others
identify storage zones, each associated with a
particular release policy. This latter type of rule
can be developed from the solution of the yield
model.
To construct an operation rule that identiﬁes
storage zones, each having a speciﬁc release
policy, the values of the dead and flood storage
capacities, KD and Kf are needed together with
the over-year storage capacity, Ka
o, and within -
year storage volumes st in each period t. Since
both Ka
o and all st derived from the yield model
are for all yields, Yp, being considered, it is
necessary to determine the over-year capacities
and within-year storage volumes required to
provide each separate within-year yield ypt.
Plotting the curves deﬁned by the respective
over-year capacity plus the within-year storage
volume (Ka
o + st) in each within-year period t will
deﬁne a zone of storage whose yield releases
ypt from that zone should have a reliability of at
least p.
For example, assume again a 9-year flow
record and 10 within-year periods. Of interest are
the within-year yields, y0.9,t and y0.7,t, having
reliabilities of 0.9 and 0.7. The ﬁrst step is to
compute the over-year storage capacity require-
ment, Ka
o, and the within-year storage volumes,
st, for just the yields y0.9,t. The sum of these
values, Ka
o + st, in each period t can be plotted as
illustrated in Fig. 11.8.
The sum of the over-year capacity and
within-year volume Ka
o + st in each period t de-
ﬁnes the zone of active storage volumes for each
period t required to supply the within-year yields
y0.9,t. If the storage volume is in this shaded zone
shown in Fig. 11.8, only the yields y0.9,t should
be released. The reliability of these yields, when
simulated, should be about 0.9. If at any time
t the actual reservoir storage volume is within
this zone, then reservoir releases should not
exceed those required to meet the yield y0.9,t if
the reliability of this yield is to be maintained.
Fig. 11.8 Reservoir
release rule showing the
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The next step is to solve the yield model for
both yields Y0.9 and Y0.7. The resulting sum of
over-year storage capacity and within-year stor-
age volumes can be plotted over the ﬁrst zone, as
shown in Fig. 11.9.
If at any time t the actual storage volume is in
the second lighter shaded zone in Fig. 11.9, both
the release should be the sum of the most reliable
yield, y0.9,t and the incremental secondary yield
y0.7,t. If only these releases are made, the prob-
ability of being in that zone, when simulated,
should be about 0.7. If the actual storage volume
is greater than the total required over-year stor-
age capacity Ka
o plus the within-year volume st,
the non-shaded zone in Fig. 11.23, then a release
can be made to satisfy any downstream demand.
Converting storage volume to elevation, this
release policy is summarized in Fig. 11.10.
These yield models focus only on the active
storage capacity requirements. They can be a part
of a model that includes flood storage require-
ments as well (as previously discussed in this
chapter). If the actual storage volume is within
the flood control zone in the flood season,
releases should be made to reduce the actual
storage to a volume no greater than the total
capacity less the flood storage capacity.
Once again, reservoir rules developed from
simpliﬁed models such as this yield model are
only guides, and once developed these rules
Fig. 11.9 Reservoir
release rule showing the
identiﬁcation of the second
most reliable release zone




release rule deﬁned by the
yield model
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should be simulated, evaluated, and reﬁned prior
to their actual adoption.




Droughts are natural hazards that unlike floods,
tornadoes, and hurricanes, occur slowly and
gradually over a period of time. The absence of a
precise drought threshold introduces some
uncertainty about whether a drought exists and, if
it does, its degree of severity. The impacts of
drought are nonstructural and typically spread
over a larger geographical area than are damages
resulting from other natural hazards. All of these
drought characteristics have impacted the devel-
opment of effective drought preparedness plans.
Droughts result from a deﬁciency of precipi-
tation compared to normal (long-term average)
amounts that, when extended over a season or
especially over a longer period of time, is
insufﬁcient to meet the demands of human
activities and the environment. All types of
drought results in water shortages for one or
more water-using activities.
Droughts differ from one another in three
essential characteristics: intensity, duration, and
spatial coverage. Moreover, many disciplinary
perspectives of drought exist. Because of these
numerous and diverse disciplinary views, con-
fusion often exists over exactly what constitutes
a drought. Regardless of such disparate views,
the overriding feature of drought is its negative
impacts on people and the environment.
11.6.1.1 Drought Types
Droughts are normally distinguished by type:
meteorological, hydrological, agricultural, and
socioeconomic. Meteorological drought is
expressed solely on the basis of the degree of
dryness in comparison to some normal or aver-
age amount and the duration of the dry period.
Drought intensity and duration are the key
descriptors of this type of drought. Agricultural
drought links various characteristics of meteo-
rological drought to agricultural impacts, focus-
ing on precipitation shortages, differences
between actual and potential evapotranspiration,
and soil water deﬁcits.
Hydrological droughts are described based on
the effects of low precipitation on surface or
subsurface water supply (e.g., streamflow,
reservoir storage, lake levels, and groundwater )
rather than with precipitation shortfalls. Hydro-
logical droughts usually lag the occurrence of
meteorological and agricultural droughts because
more time elapses before precipitation deﬁcien-
cies are detected in rivers, reservoirs, ground-
water aquifers, and other components of the
hydrologic system. As a result, hydrological
droughts are typically detected later than other
drought types. Water uses affected by drought
can include multiple purposes such as power
generation, flood control, irrigation, domestic
drinking water, industry, recreation, and ecosys-
tem preservation.
Socioeconomic droughts are linked directly to
the supply of some economic good. Increases in
population can alter substantially the demand for
these economic goods over time. The incidence
of socioeconomic drought can increase because
of a change in the frequency of meteorological
drought, a change in societal vulnerability to
water shortages, or both. For example, poor land
use practices such as overgrazing can decrease
animal carrying capacity and increase soil ero-
sion, which exacerbates the impacts of, and
vulnerability to, future droughts.
11.6.1.2 Drought Impacts
The impacts of drought are often widespread
through the economy. They can be direct and
indirect. Restrictions in water use resulting from
drought is a direct or ﬁrst-order impact of
drought. However, the consequences of such
restrictions could result in loss of income, farm
and business foreclosures, and government relief
programs) are possible indirect second- or
third-order impacts.
The impacts of drought appear to be increas-
ing in both developing and developed countries,
which in many cases reflects the persistence of
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non-sustainable development and population
growth. Lessening the impacts of future drought
events typically requires the development of
drought risk policies that emphasize a wide range
of water conservation and early warning mea-
sures. Drought management techniques are often
conditional on the severity of the drought. Iden-
tifying the actions to take and the thresholds
indicating when to take them are best accom-
plished prior to a drought, as agreements among
stakeholders are easier to obtain when individu-
als are not having to deal with the impacts of an
ongoing drought.
Drought impacts can be economic, environ-
mental, and social.
Economic impacts can include direct losses to
agricultural and industrial users, losses in recre-
ation, transportation, and energy sectors. Other
indirect economic impacts can include resulting
unemployment and loss of tax revenue to local,
state, and federal governments.
Environmental losses include damages to
plant and animal species in natural habitats, and
reduced air and water quality; an increase in
forest and range ﬁres; the degradation of land-
scape quality; and possible soil erosion. These
losses are difﬁcult to quantify, but growing
public awareness and concern for environmental
quality has forced public ofﬁcials to focus greater
attention on them.
Social impacts can involve public safety,
health, conflicts among water users, and inequi-
ties in the distribution of impacts and disaster
relief programs. As with all natural hazards, the
economic impacts of drought are highly variable
within and among economic sectors and geo-
graphic regions, producing a complex assortment




Droughts happen, and it makes no sense to wait
until realizing a drought is happening before
preparing plans and policies to mitigate the
adverse impacts from a drought. As evidenced by
the ongoing drought (at this writing) in Califor-
nia, and the even more severe drought those in
southeastern Australia recently witnessed,
drought management has to involve the institu-
tions that not only manage water supply systems,
but all those who use water, and all those who
make land-use decisions that impact water run-
off. It can involve hydrologic modeling methods
discussed in Chap. 6, and reservoir modeling as
discussed in Chaps. 4 and 8. Appendix C of this
book (contained on a disk or downloadable from
the web) discusses drought management model-




Next consider the other extreme—floods. Two
types of structural alternatives are often used for
flood risk reduction. One is the provision of flood
storage capacity in reservoirs designed to reduce
downstream peak flood flows. The other is channel
enhancement and/or flood-prooﬁng structures that
are designed to contain peak flood flows and
reduce damage. This section introduces methods
of modeling both of these alternatives for inclusion
in either beneﬁt–cost or cost-effectiveness analy-
ses. The latter analyses apply to situations in which
a signiﬁcant portion of the flood control beneﬁts
cannot be expressed in monetary terms and the aim
is to provide a speciﬁed level offlood protection at
minimum cost.
The discussion will ﬁrst focus on the estima-
tion of flood storage capacity in a single reservoir
upstream of a potential flood damage site. This
analysis will then be expanded to include
downstream channel capacity improvements.
Each of the modeling methods discussed will be
appropriate for inclusion in multipurpose river
basin planning (optimization) models having
longer time step durations than those required to
predict flood peak flows.
11.6.2.1 Reservoir Flood Storage
Capacity
In addition to the active storage capacities in a
reservoir, some capacity may be allocated for the
temporary storage of flood flows during certain
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periods in the flood season of the year, as shown
in Fig. 11.2. Flood flows usually occur over time
intervals lasting from a few hours up to a few
days or weeks. Computational limitations make it
impractical to include such short time durations
in many of our multipurpose planning models
that typically include time periods of a week, or
10 days, or months or seasons spanning several
months. If we modeled these short daily or
hourly durations, flood routing equations would
have to be included in the model; a simple mass
balance would not be sufﬁcient. Nevertheless
there are ways of including unknown flood
storage variables within longer period optimiza-
tion models .
Consider a potential flood damage site along
a river. A flood control reservoir can be built
upstream of that potential damage site. The
question is how much flood storage capacity, if
any, should the reservoir contain. For various
assumed capacities and operating policies, sim-
ulation models can be used to predict the impact
on the downstream flood peaks. These hydraulic
simulation models must include flood routing
procedures from the reservoir to the downstream
potential damage site and the flood control op-
erating policy at the reservoir. For various
downstream flood peaks, water elevations and
associated economic flood damages on the
floodplain can be estimated. To calculate the
expected annual damages associated with any
upstream reservoir capacity , the probability of
various damage levels being exceeded in any
year needs to be calculated.
The likelihood of a flood peak of a given
magnitude or greater is often described by its
expected return period. How many years would
one expect to wait, on average, to observe
another flood of equal or greater than a flood of
some speciﬁed magnitude? This is the reciprocal
of the probability of observing such a flood or
greater in any given year. A T-year flood has a
probability of being equaled or exceeded in any
year of 1/T. This is the probability that could be
calculated by adding up the number of years an
annual flood of a given or greater magnitude
is observed, say in 1000 or 10,000 years,
divided by 1000 or 10,000, respectively.
A one-hundred-year flood or greater has a
probability of 1/100 or 0.01 of occurring in any
given year. Assuming annual floods are inde-
pendent, if a 100-year flood occurs this year, the
probability that a flood of that magnitude or
greater occurring next year remains 1/100 or
0.01.
If PQ is the random annual peak flood flow
and PQT is a particular peak flood flow having a
return period of T years, then by deﬁnition the
probability of an actual flood of PQ equaling or
exceeding PQT is 1/T.
Pr½PQPQT ¼ 1=T  ð11:42Þ
The higher the return period, i.e., the more
severe the flood, the lower the probability that a
flood of that magnitude or greater will occur.
Equation 11.42 is plotted in Fig. 11.11.
The exceedance probability distribution
shown in Fig. 11.11 is simply 1 minus the
cumulative distribution function FPQ() of annual
peak flood flows. The area under the function is
the mean annual peak flood flow, E[PQ].
The expected annual flood damage at a
potential flood damage site can be estimated
from an exceedance probability distribution of
peak flood flows at that potential damage site
together with a flow or stage damage function.
The peak flow exceedance distribution at any




















Fig. 11.11 Probability of annual peak flood flows being
exceeded
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upstream reservoir flood storage capacity Kf
and the reservoir operating policy.
The probability that flood damage of FDT
associated with a flood of return period T will be
exceeded is precisely the same as the probability
that the peak flow PQT that causes the damage
will be exceeded. Letting FD be a random flood
damage variable, its probability of exceedance is
Pr½FD FDT  ¼ 1=T ð11:43Þ
The area under this exceedance probability





Pr½FD FDT dFDT ð11:44Þ
This computational process is illustrated
graphically in Fig. 11.12. The analysis requires
three input functions that are shown in quadrants
(a), (b), and (c). The dashed-line rectangles
deﬁne point values on the three input functions in
quadrants (a), (b), and (c) and the corresponding
probabilities of exceeding a given level of dam-
ages in the lower right quadrant (d). The distri-
bution in quadrant (d) is deﬁned by the
intersections of these dashed-line rectangles. This
distribution deﬁnes the probability of equaling or
exceeding a speciﬁed damage in any given year.
The (shaded) area under the derived function is
the annual expected damage, E[FD].
The relationships between flood stage and
damage, and flood stage and peak flow, deﬁned
in quadrants (a) and (b) of Fig. 11.12, must be
known. These do not depend on the flood storage
Fig. 11.12 Calculation of the expected annual flood
damage shown as the shaded area in quadrant (d) derived
from the expected stage damage function (a), the expected
stage-flow relation (b), and the expected probability of
exceeding an annual peak flow (c)
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capacity in an upstream reservoir. The infor-
mation in quadrant (c) is similar to that shown in
Fig. 11.11 deﬁning the exceedance probabilities
of each peak flow. Unlike the other three func-
tions, this distribution depends on the upstream
flood storage capacity and flood flow release
policy. This peak flow probability of exceedance
distribution is determined by simulating the
annual floods entering the upstream reservoir in
the years of record.
The difference between the expected annual
flood damage without any upstream flood storage
capacity and the expected annual flood damage
associated with a flood storage capacity of Kf is
the expected annual flood damage reduction.
This is illustrated in Fig. 11.13. Knowing the
expected annual damage reduction associated
with various flood storage capacities, Kf, permits
the deﬁnition of a flood damage reduction
function, Bf(Kf).
If the reservoir is a single purpose flood
control reservoir , the eventual tradeoff is
between the expected flood reduction beneﬁts,
Bf(Kf), and the annual costs, C(Kf), of that
upstream reservoir capacity. The particular
reservoir flood storage capacity that maximizes
the net beneﬁts, Bf(Kf) − C(Kf), may be appro-
priate from a national economic efﬁciency per-
spective but it may not be best from a local
perspective. Those occupying the potential
damage site may prefer a speciﬁed level of pro-
tection from that reservoir storage capacity,
rather than the protection that maximizes
expected annual net beneﬁts, Bf(Kf) – C(Kf).
If the upstream reservoir is to serve multiple
purposes, say for water supply, hydropower, and
recreation, as well as for flood control, the
expected flood reduction beneﬁt function just
derived could be a component in the overall
objective function for that reservoir.
(a)(b)
(c) (d)
Fig. 11.13 Calculation of expected annual flood damage reduction beneﬁts, shown as the darkened portion of
quadrant (d), associated with a speciﬁed reservoir flood storagecapacity
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Total reservoir capacity K will equal the sum
of dead storage capacity Kd, active storage
capacity Ka, and flood storage capacity Kf,
assuming they are the same in each period t. In
some cases they may vary over the year. If the
required active storage capacity can occupy the
flood storage zone when flood protection is not
needed, the total reservoir capacity K will be the
dead storage, Kd, plus the maximum of either
(1) the actual storage volume and flood storage
capacity in the flood season or (2) the actual
storage volume in non-flood season.
KKd þ St þKf for all periods t in flood season
plus the following period that
represents the end of
the flood season
ð11:45Þ
K Kd þ St for all remaining periods t
ð11:46Þ
In the above equations the dead storage
capacity, Kd, is assumed known. It is included in
the capacity Eqs. 11.45 and 11.46 assuming that
the active storage capacity is greater than zero.
Clearly, if the active storage capacity were zero,
there would be no need for dead storage.
11.6.2.2 Channel Capacity
The unregulated natural peak flow of a particular
design flood at a potential flood damage site can be
reduced by upstream reservoir flood storage
capacity or it can be contained within the channel
at the potential damage site by levees and other
channel-capacity improvements. In this section,
the possibility of levees or dikes and other channel
capacity or flood-prooﬁng improvements at a
downstream potential damage site will be consid-
ered. The approach used will provide a means of
estimating combinations of flood control storage
capacity in upstream reservoirs and downstream
channel capacity improvements that together will
provide a prespeciﬁed level of flood protection at
the downstream potential damage site.
Let QNT be the unregulated natural peak flow
in the flood season having a return period of
T years. Assume that this peak flood flow is the
design flood for which protection is desired. To
protect from this design peak flow, a portionQS of
the peak flow may be reduced by upstream flood
storage capacity. The remainder of the peak flow
QRmust be contained within the channel. Hence if
the potential damage site s is to be protected from
a peak flow of QNT, the peak flow reductions due
to upstream storage, QS, and channel improve-
ments, QR, must at least equal to that peak flow.
QNT QSþQR ð11:47Þ
The extent to which a speciﬁed upstream
reservoir flood storage capacity reduces the de-
sign peak flow at the downstream potential
damage site can be obtained by routing the
design flood through the reservoir and the
channel between the reservoir and the down-
stream site. Doing this for a number of reservoir
flood storage capacities permits the deﬁnition of
a peak flow reduction function, fT(Kf).
QS ¼ fTðKf Þ ð11:48Þ
This function is dependent on the relative
locations of the reservoir and the downstream
potential damage site, on the characteristics and
length of the channel between the reservoir and
downstream site, on the reservoir flood control
operating policy, and on the magnitude of the
peak flood flow.
An objective function for evaluating these two
structural flood control measures should include
the cost of reservoir flood storage capacity,
CostK(Kf), and the cost of channel capacity
improvements, CostR(QR), required to contain a
flood flow of QR. For a single purpose, single
damage site, single reservoir flood control prob-
lem, the minimum total cost required to protect
the potential damage site from a design flood peak
of QNT, may be obtained by solving the model:
minimize CostK Kf
 þCostRðQRÞ ð11:49Þ
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subject to
QNT  fTðKf ÞþQR ð11:50Þ
Equations 11.49 and 11.50 assume that a
decision will be made to provide protection from
a design flood QNT of return period T; it is only a
question of how to provide the required protec-
tion, i.e., how much flood storage capacity and
how much levee protection.
Solving Eqs. 11.47 and 11.48 for peak flows
QNT of various return periods T will identify the
risk-cost tradeoff. This tradeoff function might
look like what is shown in Fig. 11.14.
11.6.2.3 Estimating Risk of Levee
Failures
Levees are built to reduce the likelihood of
flooding on the flood plain. Flood flows pre-
vented from flowing over a floodplain due to a
levee will have relatively little effect on users of
the flood plain, unless of course the levee fails to
contain the flow. Levee failure can result from
flood events that exceed (overtop) the design
capacity of the levee. Failure can also result from
various types of geostructural weaknesses. If any
of the flow in the stream or river channel passes
over, through or under the levee and onto the
flood plain, the levee is said to fail. The proba-
bility of levee failure along a river reach is in part
a function of the levee height, the probability
distribution of flood flows in the stream or river
channel, and the probability of geo-structural
failure. The latter depends in part on how well
the levee and its foundation is constructed. Some
levees are purposely designed to ‘‘fail’’ at certain
sites at certain flood stages to reduce the likeli-
hood of more substantial failures and flood
damages further downstream.
The probability of levee failure given the flood
stage (height) in the stream or river channel is
often modeled using two flood stages. The US
Army Corps of Engineers calls the lower stage the
probable non-failure point, PNP, and the higher
stage is called the probable failure point, PFP
(USACE 1991). At the PNP, the probability of
failure is assumed to be 15%. Similarly, the
probability of failure at the PFP is assumed to be
85%. A straight-line distribution between these
two points is also assumed, as shown in
Fig. 11.15. Of course these points and distribu-
tions are at best only guesses, as not many, if any,
data will exist to base them on at any given site.
To estimate the risk of a flood in the flood-
plain protected by a levee due to overtopping or
geo-structural levee failure, the relationships
between flood flows and flood stages in the
channel and on the floodplain must be deﬁned,
just as it had to be to carry out the analyses
shown in Figs. 11.12 and 11.13.
Assuming no geo-structural levee failure, the
flood stage in the floodplain protected by a levee
is a function of the flow in the stream or river
channel, the cross sectional area of the channel
between the levees on either side, the channel
slope and roughness, and the levee height. If
floodwaters enter the floodplain, the resulting
water level or stage in the floodplain will depend
on the topological characteristics of the flood
plain. Figure 11.16 illustrates the relationship
between the flood stage in the channel and the
flood stage in the flood plain, assuming no
geo-structural failure of the levee. Obviously
once the flood begins overtopping the levee, the
flood stage in the flood plain begins to increase.
Once the flood flow is of sufﬁcient magnitude
that its stage without the levee is the same as that
with the levee, the existence of a levee has only a
negligible impact on the flood stage.
Figure 11.17 illustrates the relationship
between flood flow and flood stage in a
Fig. 11.14 Tradeoff between minimum cost of flood
protection and flood risk, as expressed by the expected
return period
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floodplain with and without flood levees, again
assuming no geo-structural levee failure.
Combining Figs. 11.16 and 11.17 deﬁnes the
relationship between reach flow and channel
stage. This is illustrated in the upper left quadrant
of Fig. 11.18.
Combining the relationship between flood
flow and flood stage in the channel (upper left
quadrant of Fig. 11.18) with the probability dis-
tribution of levee failure (Fig. 11.15) and the
probability distribution of annual peak flows
being equaled or exceeded (Fig. 11.11), provides
Fig. 11.15 Assumed cumulative probability distribution of levee failure expressed as function of flood stage in river
channel
Fig. 11.16 Influence of a levee on the flood stage in
floodplain compared to stream or river flood stage. The
channel flood stage where the curve is vertical is the stage
at which the levee fails due to overtopping or from
geo-structural causes
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an estimate of the expected probability of levee
failure. Figure 11.19 illustrates this process of
ﬁnding, in the lower right quadrant, the shaded
area that equals the expected annual probability
of levee failure from overtopping and/or
geo-structural failure.
The channel flood-stage function, S(q), of
peak flow q shown in the upper left quadrant of
Fig. 11.19 is obtained from the upper left
quadrant of Fig. 11.18. The probability of levee
failure, PLF(S), a function of flood stage, S(q),
shown in the upper right quadrant is the same as
in Fig. 11.15. The annual peak flow exceedance
probability distribution, FQ(q), (or its inverse
Q(p)) in the lower left quadrant is the same as
Fig. 11.12 or that in the lower left quadrant (c) of
Fig. 11.13. The exceedance probability function
in the lower right quadrant of Fig. 11.19 is
Fig. 11.17 Relationship
between flood flow and
flood stage in a floodplain
with and without flood
levees, again assuming no
geo-structural levee failure
Fig. 11.18 Deriving the
relation (shown in the
upper left quadrant)
between flood flow and
flood stage in the channel
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derived from each of the other three functions, as
indicated by the arrows, in the same manner as
described in Fig. 11.12.
In mathematical terms, the annual expected
probability of levee failure, E[PLF], found in the













where PLF′(p) is the probability of levee failure
associated with a flood stage of S(q) having an
exceedance probability of p.
Note that if the failure of the levee was only
due to channel flood stages exceeding the levee
height (i.e., if the probability of geo-structural
failure were zero) the expected probability of
levee failure would be simply the probability of
exceeding a channel flow whose stage equals the
levee height, as deﬁned in the lower left quadrant
of Fig. 11.19. This is shown in Fig. 11.20.
Referring to Fig. 11.20, if the levee height is
increased, the horizontal part of the curve in the
upper right quadrant would rise, as would the
horizontal part of the curve in the upper left
quadrant as it shifts to the left. Hence given the
same probability distribution as deﬁned in the
lower left quadrant, the expected probability of
exceeding an increased levee capacity would
decrease, as it should.
11.6.2.4 Annual Expected Damage
from Levee Failure
A similar analysis can provide an estimate of the
expected annual flood plain damage for a stream
or river reach. Consider, for example, a parcel of
land on a flood plain at some location i. If an
economic efﬁciency objective were to guide the
development and use of this parcel, the owner
would want to maximize the net annual eco-
nomic beneﬁts derived from its use, Bi, less the
Fig. 11.19 Derivation of
the probability of
exceeding a given
probability of levee failure,
shown in lower right
quadrant. The shaded area
enclosed by this probability
distribution is the annual
expected probability of
levee failure
498 11 River Basin Modeling
annual (non-flood damage) costs, Ci, and the
expected annual flood damages, EADi. The issue
of concern here is the estimation of these
expected annual flood damages.
Damages at location i resulting from a flood
will depend in part on the depth of flooding at
that location and a host of other factors (flood
duration, velocity of and debris in flood flow,
time of year, etc.). Assume that the flood damage
at location i is a function of primarily the flood
stage, S, at that location. Denote this potential
damage function as Di(S). Such a function is
illustrated in Fig. 11.21.
Integrating the product of the annual excee-
dance probability of flood stage, Fs(S), and the
potential damages, Di(S), over all stages S will





The sum of these expected damage estimates
over all the parcels of land i on the floodplain is
the total expected damage that one can expect





Fig. 11.20 Calculation of
annual probability of
equaling or exceeding any
speciﬁed probability of
levee overtopping, shown
in the lower right quadrant.
The shaded area in this
quadrant is the expected
probability of levee
overtopping, assuming
there is no geo-structural
failure
Fig. 11.21 An example function deﬁning the damages
that will occur given any flood stage S to a parcel of land i
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Alternatively the annual expected flood dam-
age could be based on a calculated probability of
exceeding a speciﬁed flood damage, as shown in
Fig. 11.12. For this method the potential flood
damages, Di(S), are determined for various stages
S and then summed over all land parcels i for
each of those stage values S to obtain the total
potential damage function, D(S), for the entire





This is the function shown in quadrant (a) in
Fig. 11.12.
Levee failure probabilities, PLF′(p), based on
the exceedance probability p of peak flows, or
stages, as deﬁned in Fig. 11.31 and Eq. 11.49
can be included in calculations of expected
annual damages. Expressing the damage func-
tion, D(S), as a function, D′(p), of the stage
exceedance probability p and multiplying this
flood damage function D′(p) times the probabil-
ity of levee failure, PLF′(p) deﬁnes the joint
exceedance probability of expected annual dam-
ages. Integrating over all values of p yields the




D0ðpÞ PLF0ðpÞ dp ð11:55Þ
Note that the flood plain damages and prob-
ability of levee failure functions in Eq. 11.55
both increase with increasing flows or stages, but
as peak flows or stages increase, their exceedance
probabilities decrease. Hence with increasing
p the damage and levee failure probability
functions decrease. The effect of levees on the
expected annual flood damage, EAD, is shown in
Fig. 11.22. The “without levee” function in the
lower right quadrant of Fig. 11.18, is D′(p). The
“with levee” function is the product of D′(p) and
PLF′(p). If the probability of levee failure, PLF′
(p) function were as shown in Fig. 11.18, i.e., if
it were 1.0 for values of p below some overtop-
ping stage associated with an exceedance prob-
ability p*, and 0 for values of p greater than p*,
then the function would appear as shown “with
levee—overtop only” in Fig. 11.22.
11.6.2.5 Risk-Based Analyses
Risk-based analyses attempt to identify the
uncertainty associated with each of the inputs
used to deﬁne the appropriate capacities of var-
ious flood risk reduction measures. There are
numerous sources of uncertainty associated with
each of the functions shown in quadrants (a), (b),
and (c) in Fig. 11.25. This uncertainty translates
to uncertainty associated with estimates of flood
risk probabilities and expected annual flood
damage reductions obtained from reservoir flood
storage capacities and channel improvements.
Going to the substantial effort and cost of
quantifying these uncertainties, which them-
selves will be surely be uncertain, does however
provide additional information. The design of
any flood protection plan can be adjusted to
reflect attitudes of stakeholders toward the
uncertainty associated with speciﬁed flood peak
return periods or equivalently their probabilities
of occurring in any given year.
For example, assume a probability distribu-
tion capturing the uncertainty about the expected
probability of exceedance of the peak flows at the
potential damage site (as shown in Fig. 11.12) is
deﬁned from a risk-based-analysis. Figure 11.23
shows that exceedance function together with its
90% conﬁdence bands near the higher flood peak
return periods. To be, say, 90% sure that pro-
tection is provided for the T-year return period
flow, PQT, one may have to for an equivalent
expected T + Δ year return period flow, PQT+Δ,
i.e., the flow having a (1/T) − δ expected prob-
ability of being exceeded. Conversely, protection
from the expected T + Δ year peak flood flow
will provide 90% assurance of protection from
flows that will occur less than once in T years on
average.
If society wanted to eliminate flood damage it
could do it, but at a high cost. This would require
either costly flood control structures or elimi-
nating economic activities on lands subject to
possible flooding. Both reduce expected eco-
nomic returns from the floodplain. Hence such
actions are not likely to be taken. There will
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always be a risk of flood damage. Analyses such
as those just presented help identify these risks.
Risks can be reduced and managed but not
eliminated. Finding the best levels of flood pro-
tection and flood risk, together with risk insur-
ance or subsidies (illustrated in Fig. 11.24) is the
challenge for public and private agencies alike.
Floodplain management is as much concerned
with good things not happening on them as with
bad things—like floods—happening on them.
Fig. 11.22 Calculation of
expected annual flood
damage taking into account
























Fig. 11.23 Portion of peak flow probability of excee-
dance function showing contours containing 90% of the
uncertainty associated with this distribution. To be 90%
certain of protection from a peak flow of PQt, protection
is needed from the higher peak flow, PQt+Δ expected once
every T + Δ years, i.e., with an annual probability of 1/
(T + Δ) or (1/T) − δ of being equaled or exceeded
Fig. 11.24 Relationship between expected economic
return from flood plain use and risk of flooding. The
lowest flood risk does not always mean the best risk, and
what risk is acceptable may depend on the amount of
insurance or subsidy provided when flood damage occurs
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11.7 Hydroelectric Power
Production
Hydropower plants, Fig. 11.25, convert the
energy from the flowing water to mechanical and
then electrical energy. These plants containing
turbines and generators are typically located
either in or adjacent to dams. Pipelines (pen-
stocks) carry water under pressure from the
reservoir to the powerhouse. Power transmission
systems transport the produced electrical energy
from the powerhouse to where it is needed.
The principal advantages of using hydro-
power are the absence of polluting emissions
during operation, its capability to respond rela-
tively quickly to changing utility load demands,
and its relatively low operating costs. Disad-
vantages can include high initial capital cost and
potential site-speciﬁc and cumulative
environmental impacts. Potential environmental
impacts of hydropower projects include altered
flow regimes below storage reservoirs or within
diverted stream reaches, water quality degrada-
tion, mortality of ﬁsh that pass through turbines,
blockage of ﬁsh migration, and flooding of ter-
restrial ecosystems by impoundments. However,
in many cases, proper design and operation of
hydropower projects can mitigate some of these
impacts. Hydroelectric projects can also provide
additional beneﬁts such as from recreation in
reservoirs or in tailwaters below dams.
Hydropower plants can be either conventional
or pumped storage. Conventional hydropower
plants use the available water from a river, stream,
canal system, or reservoir to produce electrical
energy. In conventional multipurpose reservoirs
and run-of-river systems, hydropower production
is just one of many competing purposes for which
Fig. 11.25 Hydropower system components
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water resources may be used. Competing water
uses may include irrigation, flood control, navi-
gation, downstream flow dilution for quality
improvement, and municipal and industrial water
supply. Pumped storage plants pump the water,
usually through a reversible turbine that acts as a
pump, from a lower supply source to an upper
reservoir. While pumped storage facilities are net
energy consumers, they are income producers.
They are valued by a utility because they can be
brought online rapidly to operate in a peak power
production mode when energy prices are the
highest. The pumping to replenish the upper
reservoir is performed during off-peak hours
when electricity costs are low. Then they are
released through the power plant when the elec-
tricity prices are higher. The system makes
money even though it consumes more energy.
This process beneﬁts the utility by increasing the
load factor and reducing the cycling of its base
load units. In most cases, pumped storage plants
run a full cycle every 24 h (DOE 2002).
Run-of-river projects use the natural flow of
the river and produce relatively little change in
the stream channel and stream flow. A peaking
project impounds and releases water when the
energy is needed. A storage project extensively
impounds and stores water during high-flow
periods to augment the water available during
low-flow periods, allowing the flow releases and
power production to be more constant. Many
projects combine the modes.
The power capacity of a hydropower plant is
primarily the function of the flow rate through
the turbines and the hydraulic head. The
hydraulic head is the elevation difference the
water falls (drops) in passing through the plant or
to the tailwater, which ever elevation difference
is less. Project design may concentrate on either
of these flow and head variables or both, and on
the hydropower plant installed designed capacity.
The production of hydroelectric energy during
any period at any particular reservoir site is
dependent on the installed plant capacity; the flow
through the turbines; the average effective pro-
ductive storage head; the duration of the period; the
plant factor (the fraction of time energy is pro-
duced); and a constant for converting the product of
flow, head, and plant efﬁciency to electrical energy.
The kilowatt-hours of energy, KWHt, produced in
period t is proportional to the product of the plant
efﬁciency, e, the productive storage head Ht, and
the flow qt through the turbines.
A cubic meter of water, weighing l03 kg,
falling a distance of 1 m, acquires 9.81 × 103 J
(nm) of kinetic energy. The energy generated in
one second equals the watts (joules per second)
of power produced. Hence an average flow of qt
cubic meters per second falling a height of Ht
meters in period t yields 9.81 × 103qtHt watts or
9.81 qtHt kilowatts of power. Multiplying by the
number of hours in period t yields the
kilowatt-hours of energy produced given a head
of Ht and an average flow rate of qt. The total
kilowatt-hours of energy, KWHt, produced in
period t assuming 100% efﬁciency in conversion
of potential to electrical energy is
KWHt ¼ 9:81 qtHtðseconds in period tÞ=
ðseconds per hourÞ
¼ 9:81 qtHtðseconds in period tÞ=3600
ð11:56Þ
Since the total flow, Qt
T through the turbines
in period t, equals the average flow rate qt times
the number of seconds in the period, the total
kilowatt-hours of energy produced in period
t given a plant efﬁciency (fraction) of e equals
KWHt ¼ 9:81 QTt Ht e=3600
¼ 0:002725 QTt Ht e ð11:57Þ
The energy required for pumped storage,
where instead of producing energy the turbines
are used to pump water up to a higher level, is
KWHt ¼ 0:002725 QTt Ht=e ð11:58Þ
For Eqs. 11.57 and 11.58, Qt
T is expressed in
cubic meters and Ht is in meters. The storage
head, Ht, is the vertical distance between the
water surface elevation in the lake or reservoir
that is the source of the flow through the turbines
and the maximum of either the turbine elevation
or the downstream discharge elevation. In vari-
able head reservoirs, storage heads are functions
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of storage volumes (and possibly the reservoir
release if the tailwater elevation affects the head).
In optimization models for capacity planning,
these heads and the turbine flows are among the
unknown variables. The energy produced is
proportional to the product of these two
unknown variables. This results in non-separable
functions in model equations that must be written
at each hydroelectric site for each time period t.
A number of ways have been developed to
convert these non-separable energy production
functions to separable ones for use in linear
optimization models for estimating design and
operating policy variable values. These methods
inevitably increase the number of model variables
and constraints. For a preliminary screening of
hydropower capacities prior to a more detailed
analysis (e.g., using simulation or other nonlinear
or discrete dynamic programming methods) one
can (1) solve the model using both optimistic and
pessimistic assumed ﬁxed head values, (2) com-
pare the actual derived heads with the assumed
ones and adjust the assumed heads, (3) resolve the
model, and (4) compare the capacity values. From
this iterative process, one should be able to
identify the range of hydropower capacities that
can then be further reﬁned using simulation.
Alternatively average heads, Ht
o, and flows,
Qt
o, can be used in a linear approximation of the
non-separable product terms, Qt
THt.
QTt Ht ¼ Hot QTt þQot Ht  Qot Hot ð11:59Þ
Again, the model may need to be solved
several times in order to identify reasonably
accurate average flow and head estimates, Qt
o and
Ht
o, in each period t.
The amount of electrical energy produced is
limited by the installedkilowatts of plant capacity
P as well as on the plant factor pt. The plant
factor is a measure of hydroelectric power plant
use in each time period. Its value depends on the
characteristics of the power system and the
demand pattern for hydroelectric energy. The
plant factor is deﬁned as the average power load
on the plant for the period divided by the
installed plant capacity. The plant factor accounts
for the variability in the demand for hydropower
during each period t. This factor is usually
speciﬁed by those responsible for energy pro-
duction and distribution. It may or may not vary
for different time periods.
The total energy produced cannot exceed the
product of the plant factor pt, the number of
hours, ht, in the period, and the plant capacity P,
measured in kilowatts.
KWHt P htpt ð11:60Þ
11.8 Withdrawals and Diversions
Major demands for the withdrawal of water
include those for domestic or municipal uses,
industrial uses (including cooling water), and
agricultural uses including iirrigation. These uses
generally require the withdrawals of water from a
river system, from reservoirs, or from other sur-
face or groundwater bodies. The water withdrawn
may be only partially consumed, and that which is
not consumed may be returned, perhaps at a dif-
ferent site, at a later time period, and containing
different concentrations of constituents.
Water can also be allocated to instream uses
that alter the distribution of flows in time and
space. Such uses include (1) reservoir storage,
possibly for recreational use as well as for water
supply; (2) for flow augmentation, possibly for
water quality control or for navigation or for
ecological beneﬁts; and (3) for hydroelectric
power production. The instream uses may com-
plement or compete with each other or with
various off-stream municipal, industrial, and
agricultural demands. One purpose of developing
management models of river basin systems is to
help derive policies that will best serve these
multiple uses, or at least identify the tradeoffs
among the multiple purposes and objectives.
The allocated flow qt
s to a particular use at site
s in period t must be no greater than the total flow
available, Qt
s, that site and in that period.
qst Qst ð11:61Þ
The quantity of water that any particular user
expects to receive in each particular period is
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termed the target allocation. Given a
multi-period (e.g., annual) known or unknown
target allocation Ts at site s, some (usually
known) fraction, ft
s, of that target allocation will
be expected in period t. If the actual allocation,
qt
s, is less than the target allocation, ft
sTs, there
will be a deﬁcit, Dt
s. If the allocation is greater
than the target allocation, there will be an excess,
Et
s. Hence, to deﬁne those unknown variables the
following constraint equation can be written for
each applicable period t.
qst ¼ f st TsDst þEst ð11:62Þ
Even though allowed, one would not expect a




Whether or not any deﬁcit or excess allocation
should be allowed at any demand site s depends
on the quantity of water available and the losses
or penalties associated with deﬁcit or excess al-
locations to that site. At sites where the beneﬁts
derived in each period are independent of the
allocations in other periods, the losses associated
with deﬁcits and the losses or beneﬁts associated
with excesses can be deﬁned in each period
t (Chap. 9). For example, the beneﬁts derived
from the allocation of water for hydropower
production in period t in some cases will be
essentially independent of previous allocations.
For any use in which the beneﬁts are depen-
dent on a sequence of allocations, such as at
irrigation sites, the beneﬁts may be based on the
annual (or growing season) target water alloca-
tions Ts and their within season distributions,
ft
sTs. In these cases one can deﬁne the beneﬁts
from those water uses as functions of the
unknown season or annual targets, Ts, where the
allocated flows qt
s must be no less than the
speciﬁed fraction of that unknown target.
qst  f st Ts for all relevant t ð11:63Þ
If, for any reason, an allocation variable value
qt
s must be low, or even zero, due to other more
beneﬁcial uses, then clearly from Eq. 11.63 the
annual or growing season target allocation Ts
would be low (or zero) and presumably so would
be the beneﬁts associated with that target value.
Water stored in reservoirs can often be used to
augment downstream flows for instream uses
such as recreation, navigation, and water quality
control. During natural low-flow periods in the
dry season, it is not only the increased volume
but also the lower temperature of the augmented
flows that may provide the only means of
maintaining certain species of ﬁsh and other
aquatic life. Dilution of wastewater or runoff
from non-point sources may be another potential
beneﬁt from flow augmentation. These and other
factors related to water quality management are
discussed in greater detail in Chap. 10.
The beneﬁts derived from navigation on a
potentially navigable portion of a river system
can usually be expressed as a function of the
stage or depth of water in various periods.
Assuming known stream or river flow-stage
relationships at various sites in the river, a pos-
sible constraint might require at least a minimum
acceptable depth, and hence flow, for those sites.
11.9 Lake-Based Recreation
Recreation beneﬁts derived from natural lakes as
well as reservoirs are usually dependent on their
storage levels. Where recreational facilities have
been built, recreational beneﬁts will also be
dependent on recreational target lake levels as
well. If docks, boathouses, shelters, and other
recreational facilities were installed based on
some assumed (target) lake level, and the lake
levels deviate from the target value, there can be
reduced recreational beneﬁts. These storage tar-
gets and any deviations can be modeled similar to
Eq. 11.62. The actual storage volume at the
beginning of a recreation period t equals the target
storage volume less any deﬁcit or plus any excess.
Sst ¼ Ts  Dst þEst ð11:64Þ
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The recreational beneﬁts in any recreational
period t can be deﬁned based on what they would
be if the target were met less the average of any
losses that may occur from initial and ﬁnal
storage volume deviations, Dt
s or Et
s, from the
target storage volume in each period of the
recreation season (Chap. 9).
11.10 Model Synthesis
Each of the model components discussed above
can be combined, as applicable, into a model of a
river system. One such river system together with
some of its interested stakeholders is shown in
Fig. 11.26.
One of the ﬁrst tasks in modeling this basin is
to identify the actual and potential system com-
ponents and their interdependencies. This is
facilitated by drawing a schematic of the system
at the level of detail that will address the issues
being discussed and of concern to these stake-
holders. This schematic can be drawn over the
basin as in Fig. 11.27. The schematic without the
basin is illustrated in Fig. 11.28.
A site number must be assigned at each point
of interest. These sites are usually where some
decision must be made. Mass balance and other
constraints will need to be deﬁned at each of
those sites.
As shown in the schematic in Fig. 11.28, this
river has one streamflow gage site, site 1, two
reservoirs, sites 3 and 5, two diversions, sites 2
and 3, one hydropower plant, site 5, and a levee
desired at site 4 to help protect against floods in
the urban area. The reservoir at site 5 is a
pumped storage facility. The upstream reservoir
at site 3 is used for recreation, water supply, and
Fig. 11.26 A multipurpose river system whose management is of concern to numerous stakeholders
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Fig. 11.27 A schematic representation of the basin components and their interdependencies drawn over the map
image of the basin
Fig. 11.28 Schematic of
river system showing
components of interest at
designated sites
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flood control. The downstream reservoir is
strictly for hydropower production.
Before developing a model of this river sys-
tem, the number of time periods t to include in
the model and the length of each within-year
time period should be determined. If a river
system’s reservoirs are to contain storage for the
distribution of water among years, called
over-year storage, then a number of periods
encompassing multiple years of operation must
be included in the model. This will allow an
evaluation of the possible beneﬁts of storing
excess water in wet years for release in dry years.
Many reservoir systems completely ﬁll almost
every year, and in such cases one is concerned
only with the within-year operation of the sys-
tem. This is the problem addressed here. To
model the within-year operation of the system, a
year is divided into a number of within-year
periods. The number of the periods and the
duration of each period will depend on the
variation in the hydrology, the demands, and on
the particular objectives, as previously discussed.
Once the number and duration of the time
steps to be modeled have been identiﬁed, the
variables and functions used at each site must be
named. It is convenient to use notation that can
be remembered when examining the model
solutions. The notation made up for this example
is shown in Table 11.4.
For this example assume we are interested in
maximizing a weighted combination of all the
net economic beneﬁts derived from all the des-
ignated uses of water. There could, and no doubt
should, be other objective components deﬁned as
well, as discussed in Chap. 9. Nevertheless these
economic objective components serve the pur-
pose here of illustrating how a model of this river
system can be constructed:
The overall objective might be a weighted
combination of all net beneﬁts, NBs, obtained at






This objective function does not identify how
much each stakeholder group would beneﬁt and
how much they would pay. Who beneﬁts and
who pays, and by how much, may matter. If it is
known how much of each of the net beneﬁts
derived from each site are to be allocated to each
stakeholder group i, then these allocated fraction,
fi, of the total net beneﬁts, NB
s, can be included









Using methods discussed in Chap. 9, solving
the model for various assumed values of these
weights can help identify the tradeoffs between
different conflicting objectives, Eq. 11.65, or
conflicting stakeholder interests, Eq. 11.66.
The next step in model development is to
deﬁne the constraints applicable at each site. It is
convenient to begin at the most upstream sites
and work downstream. As additional variables or
functions are needed, invent notation for them.
These constraints tie the decision variables
together and identify the interdependencies
among system components. In this example the
site index is shown as a superscript.
At site 1:
• No constraints are needed. It is the gage site.
At site 2:
• the diverted water, X2(t), cannot exceed the
streamflow, Q2(t), at that site.
Q2ðtÞX2ðtÞ 8t in the irrigation season
ð11:67Þ
• the diversion flow, X2(t), cannot exceed the
diversion channel capacity, X2.
X2X2ðtÞ 8t in the irrigation season
ð11:68Þ
508 11 River Basin Modeling
Table 11.4 Names associated with required variables and functions at each site in Fig. 11.28
The units of these variables and parameters, however deﬁned, must be consistent
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• the diversion flow, X2(t), must meet the irri-
gation target, δt
2T2
X2ðtÞ d2t T2 8t in the irrigation season
ð11:69Þ
• NB2 = beneﬁt function associated with the
annual target irrigation allocation, T2, less the
annual cost function associated with the
diversion channel capacity, X2.
At site 3:
• storage volume mass balances (continuity of
storage), assuming no losses.
S3ðtþ 1Þ ¼ S3ðtÞþQ3ðtÞX3ðtÞR3ðtÞ
8t; T þ 1 ¼ 1
ð11:70Þ
• deﬁne storage deﬁcits, D3(t), and excesses,
E3(t), relative to recreation target, T3.
S3ðtÞ ¼ T3  D3ðtÞþE3ðtÞ
8t in recreation season plus
following period:
ð11:71Þ
• diverted water, X3(t), cannot exceed diversion
channel capacity, X3.
X3ðtÞX3 8t ð11:72Þ
• reservoir storage capacity constraints involv-
ing dead storage, KD
3 , and flood storage, KF
3,
capacities.
S3ðtÞK3  K3D  K3F
8t in flood season plus following period:
S3ðtÞK3  K3D
for all other periods t:
ð11:73Þ
• NB3 = sum of annual beneﬁt functions for T3
and KF
3 less annual costs of K3 and X3 less
annual recreation losses associated with all
D3(t) and E3(t).
At site 4:
• deﬁne deﬁcit diversion, D4(t), from site 3,
associated with target, δt
4T4, if any.
X3ðtÞ ¼ d4t T4  D4ðtÞ 8t ð11:74Þ
• channel capacity, Q4, must equal peak flood
flow, PQt
4, associated with selected return
period, T.
Q4 ¼ PQ4T ð11:75Þ
• NB4 = sum of annual beneﬁt functions for T4
less annual cost of Q4 less annual losses
associated with all D4(t).
At site 5:
• continuity of pumped storage volumes,
involving inflows, QI5(t), and outflows,
QO5(t), and assuming no losses.
S5ðtþ 1Þ ¼ S5ðtÞþQI5ðtÞ  QO5ðtÞ 8t
ð11:76Þ
• active storage capacity involving dead stor-
age, KD
5 .
S5ðtÞK5  K5D 8t ð11:77Þ
• pumped inflows, QI5(t), cannot exceed the
amounts of water available at the intake. This
includes the release from the upstream reser-
voir, R3(t), and the incremental flow,
Q5(t) − Q3(t).
QI5ðtÞQ5ðtÞ  Q3ðtÞþR3ðtÞ 8t
ð11:78Þ
• deﬁne the energy produced, EP5(t), given the
average storage head, H(t), flow through the
turbines, QO5(t), and efﬁciency, e.
EP5ðtÞ ¼ ðconst:ÞðHðtÞÞðQO5ðtÞÞe 8t
ð11:79Þ
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• deﬁne the energy consumed, EC5(t), from
pumping given the amount pumped, QI5(t).
EC5ðtÞ ¼ ðconst:ÞðHðtÞÞðQI5ðtÞÞ=e 8t
ð11:80Þ
• Energy production, EP5(t), and consumption,
EC5(t), constraints given power plant capac-
ity, P5.
EP5ðtÞP5 ðhours of energy production in tÞ
8t
ð11:81Þ
EC5ðtÞP5ðhours of pumping in tÞ 8t
ð11:82Þ
• Deﬁne the average storage head, H(t), based
on storage head functions, h(S5(t)).
HðtÞ ¼ hðS5ðtþ 1ÞÞþ hðS5ðtÞÞ =2 8t
ð11:83Þ
• NB5 = Sum of beneﬁts for the energy pro-
duced, EP5(t), less the costs of the energy
consumed, EC5(t), less the annual costs of
capacities K5 and P5.
Equations 11.67–11.83 together with objec-
tive Eq. 11.65 or 11.66 deﬁne the general
structure of this river system model. Before the
model can be solved, the actual functions must
be deﬁned. Then they may have to be made
piecewise linear if linear programming is to be
the optimization procedure used to solve the
model. The process of deﬁning functions may
add variables and constraints to the model, as
discussed in Chaps. 4 and 9.
For T within-year periods t, this static model
of a single year includes between 14T + 8 and
16T + 5 constraints, depending on the number of
periods in the irrigation and recreation seasons.
This number does not include the additional
constraints that surely will be needed to deﬁne
the functions in the objective function compo-
nents and constraints. Models of this size and
complexity, even though this is a rather simple
river system, are usually solved using linear
programming algorithms simply because other
nonlinear or dynamic programming (optimiza-
tion) methods are more difﬁcult to use.
The model just developed is for a typical
single year. In some cases it may be more
appropriate to incorporate over-year as well as
within-year mass balance constraints, and yields
with their respective reliabilities, within this
modeling framework. This can be done as out-
lined in Sect. 5.4 of this chapter.
The information derived from optimization
models of river systems such as this one should
not be considered as a ﬁnal answer. Rather it is
an indication of the range of system design and
operation policies that should be further analyzed
using more detailed analyses. Optimization
models of the type just developed serve as ways
to eliminate inferior alternatives from further
consideration more than as ways of ﬁnding a
solution all stakeholders will accept as the best.
11.11 Project Scheduling
The river basin models discussed thus far in this
chapter deal with static planning situations in that
system components and their capacities once
determined are not assumed to change over time.
Project capacities, targets, and operating policies
take on ﬁxed values and one examines “snapshot
steady-state” solutions for a particular time in the
future. These “snapshots” only allow for fluctua-
tions caused by the variability of supplies and
demands. The non-hydrologic world is seldom
static, however. Targets and goals and policies
change in response to population growth, invest-
ment in agriculture and industry, and shifting
priorities for water use. In addition, ﬁnancial
resources available for water resources investment
are limited and may vary from year to year.
Dynamic planning models can aid those
responsible for the long-run development and
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expansion of water resources systems. Although
static models can identify target values and sys-
tem conﬁguration designs for a particular period
in the future, they are not well adapted to
long-run capacity expansion planning over a 10-,
20-, or 30-year period. But static models may
identify projects for implementation in early
years which in later year simulations do not
appear in the solutions (Chap. 4 contains an
example of this).
This is the common problem in capacity
expansion, where each project has a ﬁxed con-
struction and implementation cost as well as
variable operating, repair, and maintenance cost
component. If there are two mutually exclusive
competing projects, one may be preferred at a
site when the demand at that site is low, but the
other may be preferred if the demand is, as it is
later projected to be, much higher. Which of the
two projects should be selected now when the
demand is low, given the uncertainty of the
projected increase over time, especially assuming
it makes no economic sense to destroy and
replace a project already built?
Whereas static models consider how a water
resources system operates under a single set of
ﬁxed conditions, dynamic expansion models
must consider the sequence of changing condi-
tions that might occur over the planning period.
For this reason, dynamic expansion models are
potentially more complex and larger than are
their static counterparts. However, to keep the
size and cost of dynamic models within the
limitations of most studies, these models are
generally restricted to very simple descriptions of
the economic and hydrologic variables of con-
cern. Most models use deterministic hydrology
and are constrained either to stay within prede-
termined investment budget constraints or to
meet predetermined future demand estimates.
Dynamic expansion models can be viewed as
network models for solution by linear or dynamic
programming methods. The challenge in river
system capacity expansion or projectscheduling
models is that each component’s performance, or
beneﬁts, may depend on the design and operating
characteristics of other components in the sys-
tem. River basin project impacts tend to be
dependent on what else is happening in the basin,
i.e., what other projects are present and how they
are designed and operated.
Consider a situation in which n ﬁxed-scale
discrete projects may be built during the planning
period. The scheduling problem is to determine
which of the projects to build and in what order.
The solution of this problem generally requires a
resolution of the timing problem. When should
each project be built, if at all?
For example, assume there are n = 3 discrete
projects that might be beneﬁcial to implement
sometime over the next 20 years. Let this 20-year
period consists of four 5-year construction peri-
ods y. The actual beneﬁts derived from any new
project may depend on the projects that already
exist. Let S be the set of projects existing at the
beginning of any construction period. Finally let
Nay(S) be the maximum present value of the total
net beneﬁts derived in construction period y as-
sociated with the projects in the set S. Here
‘‘beneﬁts’’ refer to any composite of system
performance measures.
These beneﬁt values for various combinations
discrete projects could be obtained from static
river system models, solved for all combinations
of discrete projects for conditions existing at the
end of each of these four 5-year periods. It might
be possible to just do this for one or two of these
four periods and apply applicable discount rates
for the other periods. These static models can be
similar to those discussed in the previous section
of this chapter. Now the challenge is to ﬁnd the
sequencing of these three projects over the peri-
ods y that meet budget constraints and that
maximize the total present value of beneﬁts.
This problem can be visualized as a network.
As shown in Fig. 11.29, the nodes of this net-
work represent the sets S of projects that exist at
the beginning of the construction period. For
these sets S we have the present value of their
beneﬁts, NBy(S), in the next 5-years. The links
represent the project or projects implemented in
that construction period. Any set of new projects
that exceeds the construction funds available for
that period is not shown on the network. Those
links are infeasible. For the purposes of this
example, assume it is not ﬁnancially feasible to
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add more than one project in any single con-
struction period. Let Cky be the present value of
the cost of implementing project k in construc-
tion period y.
The optimal is to ﬁnd the best (maximum
beneﬁts less costs) paths through the network.
Each link represents a net beneﬁt, NBy(S)
over the next 5-years obtained from the set of
Fig. 11.29 Project scheduling options. Numbers in nodes represent existing projects. Links represent new projects, the
difference between the existing projects at both connecting nodes
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projects, S, that exist less the cost of adding a
new project k.
Using linear programming, one can deﬁne a
continuous nonnegative unknown decision vari-
able Xij for each link between node i and node j.
It will be an indicator of whether a link is on the
optimum path or not. If after solving the model
its value is 1, the link connecting nodes i and
j represents the decision to make in that con-
struction period. Otherwise its value is 0 indi-
cating the link is not on the optimal path. The
sequence of links having their Xij values equal to
1 will indicate the most beneﬁcial sequence of
project implementations.
Let the net beneﬁts associated with node i be
designated NBi (that equals the appropriate
NBy(S) value), and the cost, Cky, of the new
project k associated with that link. The objective
is to maximize the present value of net bene-







ðNBi  CijÞXij ð11:84Þ
Subject to







for each node i in the network:
ð11:85Þ
Sum of all decision variable values on the
links in any one period y must be 1. For example
in period 1
X00þX01þX02þX03 ¼ 1 ð11:86Þ
The sums in Eq. 11.86 are over nodes h hav-
ing links to node i and over nodes j having links
from node i.
The optimal path through this network can
also be solved using dynamic programming.
(Refer to the capacity expansion problem illus-
trated in Chap. 4). For a backward moving
solution procedure, let
s = subset of projects k not contained in the
set S (s 62 S).
$y = the maximum project implementation
funds available in period y.
Fy(S) = the present value of the total beneﬁts
over the remaining periods, y, y + 1, …, 4.
FY+1(S) = 0 for all sets of projects S following
the end of the last period.
The recursive equations for each construction
period, beginning with the last period, can be
written









Deﬁning Fy′(S) as the present value of the
total beneﬁts of all new projects in the set S im-
plemented in all periods up to and including
period y, and the subset s of projects k being
considered in period y now belonging to the set
S of projects existing at the end of the period, the
recursive equations for a forward moving solu-
tion procedure beginning with the ﬁrst period,
can be written









where F0′(0) = 0.
Like the linear programming model, the
solutions of these dynamic programming models
identify the sequencing of projects recognizing
their interdependencies. Of interest, again, is
what to do in this ﬁrst constriction period. The
only reason for looking into the future is to make
sure, as best as one can that the ﬁrst period’s
decisions are not myopic. Models like these can
be developed and solved again with more upda-
ted estimates of future conditions when next
needed.
Additional constraints and variables might be
added to these scheduling models to enforce
requirements that some projects precede others or
that if one project is built another is infeasible.
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These additional restrictions usually reduce the
size of a network of feasible nodes and links, as
shown in Fig. 11.29.
Another issue that these dynamic models can
address is the sizing or capacity expansion
problem. Frequently, the scale or capacity of a
reservoir, pipeline, pumping station, or irrigation
is variable and needs to be determined concur-
rently with the solution of the scheduling and
timing problems. To solve the sizing problem,
the costs and capacities in the scheduling model
become variables.
This project scheduling problem by its very
nature must deal with uncertainty. A relatively
recent contribution to this literature is the work of
Haasnoot et al. (2013), Walker et al. (2013).
11.12 Conclusions
This chapter on river basin planning models
introduces some ways of modeling river basin
components, separately and together within an
integrated model. Ignored during the develop-
ment of these different model types were the
uncertainties associated with the results of these
models. As discussed in Chaps. 7 and 8, these
uncertainties may have a substantial effect on
model solution and the decision taken.
Most of this chapter has been focused on the
development of simpliﬁed screening models,
using simulation as well as optimization methods,
for identifying what and where and when infras-
tructure projects should be implemented, and of
what capacity. The solution of these screening
models, and any associated sensitivity and uncer-
tainty analyses, can be of value prior to committing
to more costly design modeling exercises.
Preliminary screening of river basin systems,
especially given multiple objectives, is a chal-
lenge to accomplish in an efﬁcient and effective
manner. The modeling methods and approaches
discussed in this chapter serve as an introduc-
tion to that art.
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Exercises
11:1 Using the following information pertain-
ing to the drainage area and discharge in
the Han River in South Korea, develop an
equation for predicting the natural unreg-
ulated flow at any site in the river, by
plotting average flow as a function of









Pal Dang dam 23,713 16,916
So Yang dam 2703 1856
Chung Ju dam 6648 4428
Yo Ju dam 10,319 7300
Hong Chun dam 1473 1094
Dal Chun dam 1348 1058
Kan Yun dam 1180 926
Im Jae dam 461 316
11:2 In watersheds characterized by signiﬁcant
elevation changes, one can often develop
reasonable predictive equations for average
annual runoff per hectare as a function of
elevation. Describe how onewould use such
a function to estimate the natural average
annual flow at any gage in a watershed
which is marked by large elevation changes
and little loss of water from stream channels
due to evaporation or seepage.
11:3 Compute the storage-yield function for a
single reservoir system by the mass dia-
gram and modiﬁed sequent peak methods
given the following sequences of annual
flows: (7, 3, 5, 1, 2, 5, 6, 3, 4). Next
assume that each year has two distinct
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hydrologic seasons, one wet and the other
dry, and that 80% of the annual inflow
occurs in season t = 1 and 80% of the
yield is desired in season t = 2. Using the
modiﬁed sequent peak method, show the
increase in storage capacity required for
the same annual yield resulting from
within-year redistribution requirements.
11:4 Write two different linear programming
models for estimating the maximum con-
stant reservoir release or yield Y given a
ﬁxed reservoir capacity K, and for esti-
mating the minimum reservoir capacity
K required for a ﬁxed yield Y. Assume that
there are T time periods of historical flows
available. How could these models be
used to deﬁne a storage capacity-yield
function indicating the yield Y available
from a given capacity K?
11:5(a) Construct an optimization model for esti-
mating the least-cost combination of active
storage capacities, K1 and K2, of two
reservoirs located on a single stream, used
to produce a reliable constant annual flow
or yield (or greater) downstream of the two
reservoirs. Assume that the cost functions
Cs(Ks) at each reservoir site s are known
and there is no dead storage and no evap-
oration. (Do not linearize the cost func-
tions; leave them in their functional form.)
Assume that 10 years of monthly unregu-
lated flows are available at each site s.
(b) Describe the two-reservoir operating pol-
icy that you would incorporate into a
model model to check the solution
obtained from the optimization model.
11:6 Given the information in the accompany-
ing tables, compute the reservoir capacity
that maximizes the net expected flood
damage reduction beneﬁts less the annual











T = 1 T = 2 T = 5 T = 10 T = 100
0 30 105 150 165 180 10a
5 30 80 110 120 130 25
10 30 55 70 75 80 30
15 30 40 45 48 50 40
20 30 35 38 39 40 70
a10 is ﬁxed cost if capacity > 0; otherwise, it is 0









11:7 Develop a deterministic, static, within-year
model for evaluating the development
alternatives in the river basin shown in the
accompanying ﬁgures. Assume that there
are t = 1, 2, 3,…, n within-year periods
and that the objective is to maximize the
total annual net beneﬁts in the basin. The
solution of the model should deﬁne the
reservoir capacities (active + flood storage
capacity), the annual allocation targets, the
levee capacity required to protect site 4
from a T-year flood, and the within-year
period allocations of water to the uses at
sites 3 and 7. Clearly deﬁne all variables
and functions used, and indicate how the
model would be solved to obtain the






1 0 Potential reservoir for water
supply
2 0.3 Potential reservoir for water
supply, flood control
3 0.15 Diversion to a use, 60% of
allocation returned to river
4 – Existing development,
possible flood protection from
levee
5 0.6 Potential reservoir for water
supply, recreation
6 – Hydropower; plant
factor = 0.30
7 0.9 Potential diversion to an
irrigation district
8 1 Gage site
For simplicity, assume no evaporation losses
or dead storage requirements. Omitting the
appropriate subscripts t for time periods and s for
site, let T, K, D, E, and P be the target, reservoir
capacity, deﬁcit, excess, and power plant capac-
ity variables, respectively. Let Qt and Rt be the
natural streamflows and reservoir releases, and St
be the initial reservoir storage volumes in period
t. Kf will denote the flood storage capacity at site
2 that will contain a peak flow of QS and QR is
the downstream channel flood flow capacity. The
relationship between QS and Kf is deﬁned by the
function κ(QS). The unregulated design flood
peak flow for which protection is required is QN.
KWH will be the kilowatt-hours of energy,
H will be net storage head, ht the hours in a
period t. The variable q will be the water supply
allocation. Beneﬁt functions will be B(), L() will
denote loss functions and C() will denote the cost
functions.
11:8 List the potential difﬁculties involved
when attempting to structure models for
deﬁning
(a) Water allocation policies for irrigation
during the growing season.
(b) Energy production and capacity of
hydroelectric plants.
(c) Dead storage volume requirements in
reservoirs.
(d) Active storage volume requirements in
reservoir.
(e) Flood storage capacities in reservoirs.
(f) Channel improvements for damage
reduction.
(g) Evaporation and seepage losses from
reservoirs.
(h) Water flow or storage targets using
long-run beneﬁts and short- run loss
functions.
11:9 Assume that demand for water supply
capacity is expected to grow as t(60 − t),
for t in years. Determine the minimum
present value of construction cost of some
subset of water supply options described
below so as to always have sufﬁcient
capacity to meet demand over the next
30 years. Assume that the water supply
network currently has no excess capacity
so that some project must be built imme-
diately. In this problem, assume that pro-
ject capacities are independent and thus
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equal to exp(−0.07 t). Before you start,
what is your best guess at the optimal
solution?





11:10 (a) Construct a flow diagram for a simu-
lation model designed to deﬁne a
storage-yield function for a single
reservoir given known inflows in each
month t for n years. Indicate how you
would obtain a steady-state solution
not influenced by an arbitrary initial
storage volume in the reservoir at the
beginning of the ﬁrst period. Assume
that evaporation rates (mm per month)
and the storage volume/surface area
functions are known.
(b) Write a flow diagram for a simulation
model to be used to estimate the prob-
ability that any speciﬁc reservoir ca-
pacity,K, will satisfy a series of known
release demands, rt, downstream given
unknown future inflows, it. You need
not discuss how to generate possible
future sequences of streamflows, only
how to use them to solve this problem.
11:11 (a) Develop an optimization model for
ﬁnding the cost-effective combination
of flood storage capacity at an
upstream reservoir and channel
improvements at a downstream
potential damage site that will protect
the downstream site from a prespeci-
ﬁed design flood of return period
T. Deﬁne all variables and functions
used in the model
(b) How could this model be modiﬁed to
consider a number of design floods
T and the beneﬁts from protecting the
potential damage site from those
design floods? Let BFT be the annual
expected flood protection beneﬁts at
the damage site for a flood having
return periods of T.
(c) How could this model be further
modiﬁed to include water supply
requirements of At to be withdrawn
from the reservoir in each month t?
Assume known natural flows Qst at
each site s in the basin in each month t.
(d) How could the model be enlarged to
include recreation beneﬁts or losses at
the reservoir site? Let Ts be the
unknown storage volume target and
Dst be the difference between the
storage volume Sst and the target T
s if
Sst – T
s > 0, and Est be the difference if
Ts – Sst > 0. Assume that the annual
recreation beneﬁts B(Ts) are a function
of the target storage volume Ts and the
losses LDðDst Þ and LEðEst Þ are associ-




11:12 Given the hydrologic and economic
data listed below, develop and solve a
linear programming model for esti-
mating the reservoir capacity K, the
flood storage capacity Kf, and the
recreation storage volume target T that
maximize the annual expected flood
control beneﬁts, Bf(Kf), plus the
annual recreation beneﬁts, B(T), less
all losses LDðDtÞ and LEðEtÞ associ-
ated with deﬁcits Dt or excesses Et in
the periods of the recreation season,
minus the annual cost C(K) of storage
reservoir capacity K. Assume that the
reservoir must also provide a constant
release or yield of Y = 30 in each
period t. The flood season begins at
the beginning of period 3 and lasts
through period 6. The recreation sea-
son begins at the beginning of period
4 and lasts though period 7.
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50 30 20 80 60 20 40 10 70
Bf ðKf Þ ¼
12Kf if Kf  5
60þ 8ðKf  5Þ if 5Kf  15




45þ 10K if 0Kf  5
95þ 6ðKf  5Þ if 5Kf  20
185þ 10ðKf  20Þ if 20Kf  40
385þ 15ðK  40Þ if Kf  40
8><
>:
B(T) = 9T, where T is a particular
unknown value of -reservoir
storage
LDðDtÞ = 4Dt, where Dt is T − St if T ≥ St
LEðEtÞ = 2 Et, where Et is St − T if St ≥ T
11:13 The optimal operation of multiple reser-
voir systems for hydropower production
presents a very nonlinear and often dif-
ﬁcult problem.
Use dynamic programming to determine the
operating policy that maximizes the total annual
hydropower production of a two-reservoir sys-
tem, one downstream of the other. The releases
R1t from the upstream reservoir plus the unreg-
ulated incremental flow (Q2t − Q1t) constitute
the inflow to the downstream dam. The flows Q1t
into the upstream dam in each of the four seasons
along with the incremental flows (Q2t − Q1t) and
constraints on reservoir releases are given in the
accompanying two tables:










1 60 20 90
2 40 30 90
(continued)
Qt = inflow
Rt = release 
(excess)
St = initial storage
Kf = flood storage
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3 80 20 90
4 120 20 90












1 50 30 140
2 30 40 140
3 60 30 140
4 90 30 140
Note that there is a limit on the quantity of water
that can be released through the turbines for energy
generation in any season due to the limited capacity
of the power plant and the desire to produce
hydropower during periods of peak demand.
Additional information that affects the opera-
tion of the two reservoirs are the limitations on





















In solving the problem, discretize the storage
levels in units of 10 × 106 m3. Do a preliminary
analysis to determine how large a variation in
storage might occur at each reservoir. Assume
that the conversion of potential energy equals to
the product RiHi to electric energy is 70% efﬁ-
cient independent of Ri and Hi. In calculating the
energy produced in any season t at reservoir i,
use the average head during the season
Hi ¼ 12 HiðtÞþHiðtþ 1Þ½ 
Report your operating policy and the amount
of energy generated per year. Find another fea-
sible policy and show that it generates less
energy than the optimal policy.
Show how you could use linear programming
to solve for the optimal operating policy by
approximating the product term Ri Hi by a linear
expression.
11:14 You are responsible for planning a pro-
ject that may involve the building of a
reservoir to provide water supply beneﬁts
to a municipality, recreation beneﬁts
associated with the water level in the lake
behind the dam, and flood damage
reduction beneﬁts. First you need to
determine some design variable values,
and after doing that you need to deter-
mine the reservoir operating policy.
The design variables you need to determine
include
• the total reservoir storage capacity (K),
• the flood storage capacity (Kf) in the ﬁrst
season that is the flood season,
• the particular storage level where recreation
facilities will be built, called the storage target
(ST) that will apply in seasons 3, 4, and 5—
the recreation seasons and ﬁnally,
• the dependable water supply or yield (Y) for
the municipality.
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Assume you can determine these design
variable values based on average flows at the
reservoir site in six seasons of a year. These
average flows are 35, 42, 15, 3, 15, and 22 in the
seasons 1–6, respectively.
The objective is to design the system to maxi-
mize the total annual net beneﬁts derived from
• flood control in season 1,
• recreation in seasons 3–5, and
• water supply in all seasons,
less the annual cost of the
• reservoir and
• any losses resulting from not meeting the
recreation storage targets in the recreation
seasons.
The flood beneﬁts are estimated to be 2 Kf
0.7.
The recreation beneﬁts for the entire recre-
ation season are estimated to be 8 ST.
The water supply beneﬁts for the entire year
are estimated to be 20 Y.
The annual reservoir cost is estimated to be
3 K1.2.
The recreation loss in each recreation season
depends on whether the actual storage volume is
lower or higher than the storage target. If it is
lower the losses are 12 per unit average deﬁcit in
the season, and if they are higher the losses are 4
per unit average excess in the season. It is pos-
sible that a season could begin with a deﬁcit and
end with an excess, or vice versa.
Develop and solve a nonlinear optimization
model for ﬁnding the values of each of the design
variables: K, Kf, ST, and Y and the maximum
annual net beneﬁts. (There will be other variables
as well. Just deﬁne what you need and put it all
together in a model.)
Does the solution give you sufﬁcient infor-
mation that would allow you to simulate the
system using a sequence of inflows to the
reservoir that are different than the ones used to
get the design variable values? If not how would
you deﬁne a reservoir operating policy? After
determining the system’s design variable values
using optimization, and then determining the
reservoir operating policy, you would then sim-
ulate this system over many years to get a better
idea of how it might perform.
11:15 Suppose you have 19 years of monthly
flow data at a site where a reservoir could
be located. How could you construct a
model to estimate what the required
over-year and within year storage needed
to produce a speciﬁed annual yield Y that
is allocated to each month t by some
known fraction δt. What would be the
maximum reliability of those yields? If
you wanted to add to that an additional
secondary yield having only 80% relia-
bility, how would the model change?
Make up 19 annual flows and assume that
the average monthly flows are speciﬁed
fractions of those annual flows. Just using
these annual flows and the average
monthly fractions, solve your model.
ST
Kf
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11:16
(a) Develop an optimization model for
estimating the least-cost combination
of active storage K1 and K2 capacities
at two reservoir sites on a single
stream that are used to produce a
reliable flow or yield downstream of
the downstream reservoir. Assume
10 years of monthly flow data at each
reservoir site. Identify what other
data are needed.
(b) Describe the two-reservoir operating
policy that could be incorporated into
a simulation model to check the
solution obtained from the optimiza-
tion model.
Deﬁne
CsðKsÞ cost of active storage capacity at site s;
where s = 1, 2
Ksd dead storage capacity of reservoir at
site s; Ksd = 0
Sst storage volume at beginning of period
t at site s
Ls loss of water due to evaporation at site
s; Ls = 0
R12t release from reservoir at site 1 to site 2
in period t
Yt yield to downstream in period t
Qst 10 years of monthly natural flows
available at each site s
ao
s area associated with dead storage
volume at site s
as area per unit storage volume at site s
et
s evaporation depth in period t at site s
11:17 Given inflows to an effluent storage
lagoon that can be described by a simple
ﬁrst-order Markov chain in each of
T periods t, and an operating policy that
deﬁnes the lagoon discharge as a func-
tion of the initial volume and inflow,
indicate how you would estimate the
probability distribution of lagoon stor-
age volumes.
11:18 (a) Using the inflow data in the table
below, develop and solve a yield
model for estimating the storage capac-
ity of a single reservoir required to
produce a yield of 1.5 that is 90% reli-
able in both of the two within-year pe-
riods t, and an additional yield of 1.0
that is 70% reliable in period t = 2.
(b) Construct a reservoir-operating rule that
deﬁnes reservoir release zones for these
yields.
(c) Using the operating rule, simulate the 18
periods of inflow data to evaluate the
adequacy of the reservoir capacity and
storage zones for delivering the required
yields and their reliabilities. (Note that
in this simulation of the historical record
the 90% reliable yield should be satis-
ﬁed in all the 18 periods, and the
incremental 70% reliable yield should
fail only two times in the 9 years.)
(d) Compare the estimated reservoir capac-


























11:19 One possible modiﬁcation of the yield
model of would permit the solution
algorithm to determine the appropriate
failure years associated with any desired
reliability instead of having to choose
these years prior to model solution. This
modiﬁcation can provide an estimate of
the extent of yield failure in each failure
year and include the economic conse-
quences of failures in the objective
function. It can also serve as a means of
estimating the optimal reliability with
respect to economic beneﬁts and losses.
Letting Fy be the unknown yield reduc-
tion in a possible failure year y, then in
place of αpyYp in the over-year continuity
constraint, the term (Yp − Fy) can be
used. What additional constraints are
needed to ensure (1) that the average
shortage does not exceed (1 − αpy)Yp or
(2) that at most there are f failure years
and none of the shortages exceed
(1 − αpy)Yp.
11:20 In Indonesia there exists a wet season
followed by a dry season each year. In
one area of Indonesia all farmers within
an irrigation district plant and grow rice
during the wet season. This crop brings
the farmer the largest income per hectare;
thus they would all prefer to continue
growing rice during the dry season.
However, there is insufﬁcient water dur-
ing the dry season for irrigating all
5000 ha of available irrigable land for
rice production. Assume an available
irrigation water supply of 32 × 106 m3 at
the beginning of each dry season, and a
minimum requirement of 7000 m3/ha for
rice and 1800 m3/ha for the second crop.
(a) What proportion of the 5000 ha
should the irrigation district manager
allocate for rice during the dry season
each year, provided that all available
hectares must be given sufﬁcient
water for rice or the second crop?
(b) Suppose that crop production func-
tions are available for the two crops,
indicating the increase in yield per
hectare per m3 of additional water,
up to 10,000 m3/ha for the second
crop. Develop a model in which the
water allocation per hectare, as well
as the hectares allocated to each crop,
is to be determined, assuming a
speciﬁed price or return per unit of
yield of each crop. Under what con-
ditions would the solution of this
model be the same as in part (a)?
11:21 Along the Nile River in Egypt, irrigation
farming is practiced for the production of
cotton, maize, rice, sorghum, full and
short berseem for animal production,
wheat, barley, horsebeans, and winter
and summer tomatoes. Cattle and buffalo
are also produced, and together with the
crops that require labor, water. Fertilizer,
and land area (feddans). Farm types or
management practices are fairly uniform,
and hence in any analysis of irrigation
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policies in this region this distinction
need not be made. Given the accompa-
nying data develop a model for deter-
mining the tons of crops and numbers of
animals to be grown that will maximize
(a) net economic beneﬁts based on
Egyptian prices, and (b) net economic
beneﬁts based on international prices.
Identify all variables used in the model.
Known parameters
Ci miscellaneous cost of land preparation per
feddan
PEi Egyptian price per 1000 tons of crop i
PIi international price per 1000 tons of crop i
v value of meat and dairy production per
animal
g annual labor cost per worker
fP cost of P fertilizer per ton
fN cost of N fertilizer per ton
Yi yield of crop i, tons/feddan
α feddans serviced per animal
β tons straw equivalent per ton of berseem
carryover from winter to summer
rw berseem requirements per animal in winter
swh straw yield from wheat, tons per feddan
sba straw yield from barley, tons per feddan
rs straw requirements per animal in summer
lNi N fertilizer required per feddan of crop i
lPi P fertilizer required per feddan of crop i
lim labor requirements per feddan in month m,
man-days
wim water requirements per feddan in
month m, 1000 m3
him land requirements per month, fraction
(1 = full month)
Required Constraints. (Assume known
resource limitations for labor, water, and land)
(a) Summer and winter fodder (berseem)
requirements for the animals.
(b) Monthly labor limitations.
(c) Monthly water limitations.
(d) Land availability each month.
(e) Minimum number of animals required for
cultivation.
(f) Upper bounds on summer and winter toma-
toes (assume these are known).







11:22 In Algeria there are two distinct cropping
intensities, depending upon the avail-
ability of water. Consider a single crop
that can be grown under intensive rota-
tion or extensive rotation on a total of
A hectares. Assume that the annual water
requirements for the intensive rotation
policy are 16,00 m3 per ha, and for the
extensive rotation policy they are
4000 m3 per ha. The annual net produc-
tion returns are 4000 and 2000 dinars,
respectively. If the total water available is
320,000 m3, show that as the available
land area A increases, the rotation policy
that maximizes total net income changes
from one that is totally intensive to one
that is increasingly extensive.
Would the same conclusion hold if instead of
ﬁxed net incomes of 4000 and 2000 dinars per
hectares of intensive and extensive rotation, the
net income depended on the quantity of crop
produced? Assuming that intensive rotation
produces twice as much produced by extensive
rotation, and that the net income per unit of crop
Y is deﬁned by the simple linear function
5 − 0.05Y, develop and solve a linear program-
ming model to determine the optimal rotation
policies if A equals 20, 50, and 80. Need this net
income or price function be linear to be included
in a linear programming model?
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